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A B S T R A C T
Optical nanoantennas confine light on the nanoscale, enabling strong light-
matter interactions with potential for ultra-compact optical devices. Apart
from the direct applications in optical nanoscopy and sensing, nanoantennas
can strongly enhance the spontaneous emission rate of single photon emit-
ters. A nanoantenna, acting as a nanocavity, enables high photon output
due to its high radiative losses associated with plasmonic resonances and
thus pave the way for compact, bright, and pure single photon sources with
applications in quantum technologies. The sub-wavelength field localiza-
tion at the nanoantenna causes a vectorial field distribution with non-zero
field components in all dimensions. The efficiency of coupling between an
emitter such as single molecule and nanoantenna will thus strongly depend
on the spatial overlap of the emitter’s dipole with the nanoantenna field. In
order to achieve such coupling, careful nanopositioning of the emitter, in its
location as well as the orientation, within the nanocavity field is required.
Therefore, the full vectorial characterization of the emitter-nanoantenna is
crucial to maximize the coupling strength. This thesis addresses the afore-
mentioned issues and studies the controlled nanoscale interaction of a sin-
gle molecule with a resonant nanoantenna.
To this end we first fabricate nanoantennas on the vertex of a fiber tip us-
ing focused-ion-beam milling and use a near-field technique for the nanopo-
sitioning control. In the first experiment, we investigate the excitation prop-
erties of a resonant dipole nanoantenna by mapping its vectorial near-field
distribution with molecular resolution. The nanoantenna tip is scanned over
specifically selected single molecules to map x-, y-, and z-field components.
In addition to characterization of the vectorial field, we show the apparent
position of the molecule shifts up to 20 nm depending on their orientation
with important implications for localization microscopy.
Next, our unprecedented experimental approach allows us to examine an
often overlooked, but important near-field concept of nanoantennas, local
interference. The highly structured vectorial amplitude and phase distribu-
tion of the nanoantenna overlaps with the exciting far-field to create this
local interference. We perform a detailed study through direct observation
and show an example of exploiting this local interference to shape and con-
trol the near-field of the nanoantenna.
Lastly, we quantify the vectorial interaction of a molecule-nanoantenna
cavity system by mapping the coupling strength g with 5 nm spatial reso-
lution. We show that for a molecule’s optimal position at the nanoantenna,
the coupling rate reaches up to gmax = 206 GHz, much higher than for
any conventional cavities. Such a large coupling provides ideal conditions
for fast and pure non-classical photon emission, enabling a single photon
source with an emission rate above 1 GHz at room-temperature.
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1
I N T R O D U C T I O N
Optical cavities enhance light-matter interaction either by storing or confin-
ing optical fields. Optical nanoantennas strongly confine light and thus act
as nanocavities with sub-wavelength mode volumes. This thesis explores
the interaction of optical nanoantennas as nanocavities with single photon
emitters and how to tune this interaction to produce pure, triggered, and
ultrafast single photon sources. Here, we fully characterize nanoantenna
cavities and quantify its interaction with a single photon emitter on the
nanoscale. We perform both qualitative and quantitative study of the near-
field properties including excitation enhancement and coupling strength of
the resonant nanoantenna using single fluorescent molecules as nanometer
sized probes.
In this introduction, we first discuss single photon sources and their appli-
cations. We then briefly discuss optical cavities and their role in the modifi-
cation of the spontaneous emission of single photon emitters. Next, we intro-
duce the concept of nanocavities in the context of optical nanoantennas and
discuss their advantages over traditional microcavities. We then introduce
the vectorial near-field of a nanoantenna and its importance in realizing ap-
plications. Lastly, we discuss nanoscale position and orientation control of
an emitter relative to a nanoantenna and its effect on the interaction.
1.1 single photon sources
Photons are the fundamental particle of light with unique properties such
as zero rest mass, no charge, and finite electromagnetic energy at a fixed
frequency. These characteristics enable photons a key role as information
carrier in quantum technologies. Single photons are relatively free of noise
and quantum information can be easily encoded in several degrees of free-
dom such as polarization, wavelength, timing, and path. The specific signif-
icance of single photons lies in all optical computing, particularly since the
feasibility of nondeterminstic interactions in simple linear optical circuits,
using single photon sources and detectors, was recognized [1]. Moreover,
such sources and detectors are scalable for integration into larger scale cir-
cuits. Thus, there is a strong motivation to develop compact and efficient
single photon sources with applications in quantum information process-
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ing, quantum cryptography, detection of weak signals through squeezing
of light, and quantum frequency conversion [2–6]. For these schemes to be
effective, the single photon source should be rather ideal: triggered, pure,
emit into a spatio-temporal mode, frequency-bandwidth limited and espe-
cially with a high repetition rate.
In the past, weak laser pulses with very low average photon number
n have been used to obtain single photons [7]. However, the probability to
obtain pulses with no photons is very high at small n values, which severely
affects the bit rate of the source. Spontaneous parametric down-conversion
(SPDC) is another widely used technique to create single photon states [8].
In SPDC, the photon pairs are generated by the nonlinear interaction of
an intense pump laser with a non-centrosymmetric crystal, where a high
frequency photon converts into two lower frequency photons. This is an
improbable process, and thus require a very high pump power to generate
photon pairs, which limits the single photon generation at specific time.
Moreover, there may be multiple photons created at a given time, which is
not ideal for applications such as quantum cryptography.
An ideal single photon source is a device which emits only one pho-
ton at a time when triggered i.e. producing single photons on demand.
A two level quantum system, upon excitation, spontaneously emits a sin-
gle photon from the first excited electronic state to the ground state, and
thus perfectly qualifies as a pure single photon source. Over the years, a
variety of single photon emitters such as semiconductor quantum dots [9],
organic molecules [2], atoms [10], and nitrogen vacancies in diamond [11]
have been explored for use in single photon sources and thoroughly investi-
gated [4]. These emitters are nanosized objects with weak oscillator strength
and interact poorly with optical fields, and therefore do not efficiently ab-
sorb nor emit photons. Techniques are required to increase the absorption
cross-section to efficiently excite emitters together with enhancing and con-
trolling the spontaneous emission of the photon emitters to facilitate their
use in applications.
1.2 optical nanoantenna : a nanocavity
The spontaneous emission rate is not an intrinsic property of an emitter
but depends on the environment in which it’s placed. The effect was first
identified by E. M. Purcell for magnetic transitions at radio frequencies in
an electrical resonator [12]. He showed that the rate of the transition i.e. the
spontaneous emission rate could be enhanced compared to the free-space
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rate. The enhancement in the spontaneous emission rate is known as Purcell
factor and given by:
Fp =
3λ3f
4pi2
Q
Vm
, (1.1)
where λf is the transition wavelength, Q is quality factor of the resonator,
and Vm is the volume. At optical frequencies, Goy et al. were first to demon-
strate the spontaneous emission enhancement of Na-atoms in a high Q
Fabry-Perot type microcavity at cryogenic temperatures [13]. This explo-
ration led to an entire new field of research in quantum optics known as
cavity quantum electrodynamics (cavity QED) [14]. The quality factorQ of a
cavity is an important figure of merit, which is a measure of the storage time
of a photon in the cavity. The ability of microcavities to keep light confined
for long times results in very high Q values (see Figure 1.1a). Traditionally
microcavities [15] based on Fabry-Perot or whispering gallery modes have
focused on achieving high Q to boost emitter-cavity interaction quantified
in the coupling strength g [16]. The coupling strength corresponds to the
rate of energy transfer between an emitter with dipole moment p and a
cavity with field Es, and is defined as:
g = −
p.Es(ωf, r)
 h
, (1.2)
where ωf is the emission frequency of the emitter and r is the position of
the emitter in the cavity. A cavity with high Q can produce a large coupling
strength, and thus enhance the spontaneous emission rate of the emitter
(Equation 1.1). However, the high Q cavities slow down the photon emis-
sion rate and pose limitations on the brightness (no. of photons/sec) of
a single photon source. To achieve high Q values and minimize thermal
losses, microcavities are generally operated at low temperatures [17]. As a
result, microcavities are extremely spectral sensitive, which imposes strin-
gent restrictions on the emitter selection and makes them susceptible to
external conditions such as vibrations and temperature drift [18].
Another solution for obtaining the large coupling strengths g and still
maintaining high photon throughput, is to use cavities with very small
mode volume Vm combined with low Q. Evident from Equation 1.1, the
spontaneous emission rate can be enhanced by reducing Vm, which in
turn increases the field density, resulting the large coupling strength (Equa-
tion 1.2). Thus, to preserve high photon output and rapid response it is
advantageous to strive for highly localized EM fields in lossy nanocavities.
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Figure 1.1: Comparison of cavities. (a) A Fabry-Perot microcavity formed us-
ing two highly reflecting mirrors. The microcavity exhibits high quality factor
Q due to low cavity emission losses κ, therefore it can store photons for long
time. Conversely, (b) a nanocavity such as a metallic optical nanoantenna has
low Q values mainly due to high radiation losses κrad and small ohmic losses
κnrad. The high radiative losses results in ultrafast photon emission from the
nanocavity. In addition, the nanoantenna has a mode volume well below the
diffraction limit, and thus is able to attain large coupling strengths g between
a single photon emitter such as single molecule (in blue) and a electromag-
netic mode of the nanoantenna. The large coupling strength enables a strong
enhancement of the free-space spontaneous emission rate (Γ0) of a molecule
coupled to the nanoantenna cavity. The physical size of the nanoantenna can
be smaller than λ/2, ideal for the chip based single photon sources.
Optical metallic nanoantennas are ideal candidates for such types of nanocav-
ity (see Figure 1.1b), combining low quality factors with deeply localized
mode volumes [19], while still displaying large g, provided the emitter is
positioned correctly withing the nanoscale mode volume [20]. Moreover,
the physical size of a nanoantenna can be smaller than λ/2, making nano-
antennas very useful for the chip based single photon sources at room tem-
perature. Thus, nanoantennas present a unique alternative for cavity QED
combining strong coupling with bad cavities and ultrafast photon response
[18, 21, 22].
However, there are certain crucial requirements which need to be ad-
dressed to realize single photon sources based on nanoantenna cavities.
These requirements can be divided into three broad categories: (1) Fabri-
cation of resonant nanoantennas with characteristic lengths <200 nm. (2)
Full knowledge of the local near-field distribution inside the mode volume
i.e. imaging of the nanoantenna mode patterns. (3) Nanoscale position and
orientation control of a single emitter within the mode volume to find the
position of an optimum coupling for the emitter into a nanoantenna mode.
This can be achieved through mapping of the coupling strength g between
single photon emitter and resonant nanoantenna with nanometer precision.
The nanopositioning is crucial as the fluorescence enhancement of the emit-
ter can be quenched in the close proximity of the nanoantenna, and thus
can increase the non-radiative rate [23–25].
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The aim of this thesis is to treat each of these issues separately and per-
form a full characterization of a single photon emitter-nanoantenna cav-
ity system. We use single fluorescent molecules as single photon emitters
which act as local probes to study the nanoantenna. Single molecules are at-
tractive due to their dipolar character, ∼1 nm size, and ability to operate at
room-temperature [26]. These properties give molecules an edge over other
single photon emitters such as atoms, which require low temperature condi-
tions and quantum dots which are relatively big and lack dipolar character.
1.3 optical nanoantenna : local field distribution
Radio wave antennas have transformed the way we communicate informa-
tion and play a pivotal role in modern telecommunication devices [27]. Opti-
cal waves have frequencies six orders of magnitude higher than radio waves
and consequently have much shorter wavelengths; therefore antennas at op-
tical frequencies need to be far smaller than their radio equivalents [28]. Im-
portant developments in nanofabrication have brought the ability to shape
materials to the nanoscale range required for these antennas. This allows
the creation of devices that confine freely propagating light to nanoscale
structures known as optical (nano)antennas [29–31].
An optical nanoantenna, a metallic nanostructure, acts as a transducer,
which reversibly and efficiently converts free propagating optical radiation
into localized energy. The manifestation of a resonant electromagnetic (EM)
mode in the metal, known as a localized surface plasmons, facilitate this
energy conversion [32]. The ability of nanoantennas to strongly confined,
and scatter incident EM radiation has enabled a wide variety of applica-
tions. The field localization at sub-wavelength volumes at the nanoantenna
has a direct application in super-resolution microscopy [33–39]. In addition
to high resolution imaging, nanoantennas provide high optical throughput.
This allows them to used in applications such as to enhance weak Raman
scattering [40–42] and nonlinear processes [43–45]. Other applications in-
clude use of nanoantennas in efficient photodetectors [46], spectroscopy [47,
48], and bio-sensing and-imaging [49–51].
A nanoantenna upon far-field excitation confines or focuses light at sub-
wavelength volumes inside which EM field becomes highly structured. The
field has a 3D structure in space with highly position dependent strength i.e.
a vectorial field distribution. Due to this vectorial field nature, the position-
ing of a single photon emitter such as a molecule close to the nanoantenna
becomes critical to achieve optimum coupling (see Equation 1.2). Similarly,
the interaction efficiency for the excitation rate strongly depends on the
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Figure 1.2: Nanoantenna mediated strong light-matter interaction. (a) Two or-
thogonally oriented molecules (1 and 2) in a linearly polarized optical field
with intensity I0, which weakly excites the molecule 1. However, the molecule
2 does not interact at all due to its orientation relative to the incident field po-
larization. (b) A nanoantenna has a vectorial field distribution, which can ex-
cite both the molecules given that they are at the right positions at the nanoan-
tenna. Dashed arrows represent the direction of the propagating plane wave.
overlap of the molecule’s absorption dipole moment with the interacting
optical field. Under the dipole approximation, the excitation rate (Γexc) is
directly proportional to the square of the exciting electric field along the
direction of the molecule’s absorption dipole moment p as:
Γexc ∝ |p.E(ω0, r)|2, (1.3)
where ω0 is the excitation frequency and r is the position of the molecule
in space. As previously mentioned, molecules interact weakly with optical
fields and this interaction can further reduce if the molecule is not perfectly
oriented relative to the polarization of the excitation light. The vectorial field
of the nanoantenna can circumvent this problem by allowing the efficient
excitation of all molecule orientations given they are positioned correctly at
the nanoantenna. Figure 1.2a shows two orthogonally oriented molecules (1
and 2) in a linearly polarized plane wave (incident) field. Only the molecule
1 can interact with the incident field while the molecule 2 is not excited
as it is oriented perpendicular to the incident field polarization. The rod
shaped nanoantenna behaves like an oscillating dipole that coherently scat-
ters the incident radiation. At a fixed time, charge distribution and field
lines illustrate the dipole character, as shown in Figure 1.2b. This vectorial
arrangement of the field lines permits excitation of both the molecules.
A molecule only absorbs a fraction of the illuminated light, leading to
its excitation (see Figure 1.2). This fraction usually quantified using the
absorption cross-section, corresponding to an effective area (m2) of the
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molecule absorbing a flux of photons from the illumination intensity (pho-
tons m−2s−1). The absorption cross-section σabs of the molecule is defined
as [52]:
σabs =
Γexc
I0
. (1.4)
In addition to the vectorial field distribution, the local enhancement brought
by the nanoantenna can strongly increase the excitation rate of the molecule.
Thus, the molecule sitting in close vicinity of the nanoantenna shows an
effective absorption cross-section that is increased compare to free-space
case (Equation 1.4), resulting in an enhanced light-matter interaction and
more efficient system.
In conclusion, to fully exploit the field localization ability and attain high
coupling rate require an accurate positioning of an emitter at the nanoan-
tenna. Such confined localization of light has non-zero field components in
all three directions (x, y, and z), making the coupling strength sensitive to
the orientation of the emitter relative to the nanoantenna.
1.4 nanopositioning control : a molecule -nanoantenna sys-
tem
The characteristic length of a nanoantenna is <200 nm and the field localizes
at even smaller length-scales [19]. Thus, careful positioning of an emitter
with nanometer accuracy is needed to fully exploit the near-field proper-
ties of the nanoantenna. Conventionally, arrays of nanoantennas are fabri-
cated on a planar substrate, which allows us to systematically study the
length and width dependent resonances [44, 53, 54]. In a direct approach,
molecules are randomly drop-casted on the nanoantennas array, thus a lit-
tle or no control over the molecule’s position, orientation, and number of
molecules at the nanoantenna [55–57]. Several lithography techniques have
been explored to gain further control over emitter’s position at the nanoan-
tenna, however reproducibility is still an issue with these techniques [58,
59]. In addition, once fabricated the position of the emitter is fixed on
the nanoantenna and can not be changed. Using these techniques, various
nanoantenna designs and their interaction with single emitters have been
investigated. Geometries such as a simple nanorod, two nanorods accompa-
nied by a nanogap, bow-tie shaped, a nanogap between nanocubes and a
metal film have been demonstrated [55, 57, 60, 61]. Despite achieving large
excitation and emission enhancements, the lack of position and orientation
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Figure 1.3: Single molecule-single nanoantenna system. A fiber tip with a
nanoantenna can be placed in the close vicinity of a single molecule using
a near-field technique. The nanoantenna sits at the apex of an optical fiber as
a stand-alone structure and can locally access the molecule with nanometer
position accuracy.
control of molecules prevent access to the full control over the coupling
strength.
Scanning nanoantenna tips with the near-field microscope approach cir-
cumvent the positioning issues and provide full position control on the
nanoscale [62]. The nanoantenna is fabricated directly at the apex of a glass
fiber that can be positioned over an emitter with nanometer accuracy (see
Figure 1.3). Plasmonic nanospheres attached to scanning tips have been ap-
plied to investigate distance dependent excitation and emission rate for a
specific molecule orientation [23, 63]. A monopole antenna at the end of an
aperture tip has been shown to produce polarization controlled emission
of single molecules [64]. Although the scanning tip method poses fabri-
cation challenge and relies on sophisticated near-field techniques, it pro-
vides unprecedented position control and by far the best technique to study
nanoscale light-matter interaction in the controlled way [65]. In a reverse ap-
proach, an emitter can also be attached to a sharp tip and positioned over
the nanoantenna, however rapid bleaching of the emitter becomes an issue
[66, 67].
In the experiments shown in thesis, we use the scanning tip approach,
where the apex of an optical fiber holds a nanoantenna, see Figure 1.3.
The nanoantenna is an isolated and stand-alone construction, which can
be brought within few nanometers of a molecule using a near-field tech-
nique. By scanning either the tip or the molecule, we can achieve the full
position and orientation control on the nanoscale. We choose a nanorod
shaped antenna in our experiments to study the near-field interaction with
a molecule. The nanorod is the simplest antenna geometry, mimicking a
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Herzitan dipole. Moreover, the asymmetric shape of the nanorod antenna
is an advantage as its preferential direction of excitation and emission gives
an extra criterion to study the interaction.
1.5 thesis organization
In addition to this introduction, the thesis has four key chapters and is
organized as follow:
Chapter 2
Fabrication has a very important role in the development of this work. Chap-
ter 2 discusses the techniques, procedures, and steps involved in the fabrica-
tion with images of various fabricated nanoantennas. We briefly discuss the
design strategy for nanoantennas, which is an important step before fabrica-
tion and provides information about the nanoantenna resonance depending
on its shape and size. Lastly, we elaborate the experimental setup used for
the nanoscale positioning and orientation control of single emitters relative
to single nanoantenna, and to study the interaction between the two.
Chapter 3
This chapter focuses on the vectorial near-field mapping of nanoantennas.
We use single molecules with specific orientations as local probes to mea-
sure the vectorial field components of a resonant dipole nanoantenna mode.
This allows us to quantify the strength of the field components and map
their spatial distribution with nanometer resolution. We discuss the orienta-
tion dependent shifting of molecule’s position at the nanoantenna. We use
polarization resolved measurements to show the emission control of single
molecules by the nanoantenna.
Chapter 4
This chapter discusses an important effect of interference in the near-field of
a nanoantenna. We present a direct observation of the local interference and
discuss in detail the factors contributing to this local effect. The vectorial
nature of the nanoantenna field allows us to shape and control the near-
field distribution around the nanoantenna. We exploit the local interference
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to demonstrate the polarization-controlled shifting of the hotspot positions
at the nanoantenna.
Chapter 5
This chapter concentrates on the emission properties of a molecule coupled
to a resonant nanoantenna. We model nanoantenna as nanocavities and
explore their use in cavity QED. We quantify the interaction between the
molecule and nanocavity by mapping the coupling strength g with 5 nm
resolution. We show the nanopositioning control by deterministically plac-
ing the molecule at the nanoantenna to enhance the spontaneous emission
rate, essential for realizing super-bright and pure single photon sources.
2
N A N O A N T E N N A S FA B R I C AT I O N A N D E X P E R I M E N TA L
M E T H O D S
In the experiments described in this thesis we study controlled interactions
between resonant nanoantennas and individual fluorescent emitters. This
involves a combination of experimental and computational techniques. Ex-
perimentally, this requires fabrication of nanoantennas in a reproducible
way. Once fabricated, the nanoantennas have to be placed in the close vicin-
ity of an emitter with full control of the relative distance with nanome-
ter precision. An optical microscope is then used to observe the emitter-
nanoantenna interaction using various types of detection. We perform nu-
merical simulations to obtain the correct nanoantenna dimensions for a
given geometry and to verify the experimental findings. In this chapter,
firstly we describe in detail the steps involved in the fabrication process for
different nanoantenna designs followed by a description of the numerical
calculations. After briefly mentioning the preparation of the sample contain-
ing the emitters, we elaborate on the experimental setup and the different
measurement techniques used to study the molecule-nanoantenna interac-
tion.
2.1 fabrication of nanoantennas
For all the experiments presented in this thesis, we use rod shaped nano-
antennas fabricated at the tip of an optical fiber. As discussed in Chapter 1,
a nanoantenna at the fiber tip gives us the unique possibility of studing
an isolated single emitter-nanoantenna system on the nanoscale using the
near-field technique.
2.1.1 A Dipole nanoantenna
A dipole antenna is the simplest and one of the first types of radio an-
tenna, invented by H. Hertz., therefore also known as a Hertzian dipole.
The dipole antenna is a metal wire or rod which upon excitation produces
a two-lobed radiation pattern and has a length exactly equal to half of the
wavelength (λ/2) at resonance. A similar concept can also be applied at op-
tical frequencies, where a metal nanorod of a fixed length can behave as a
11
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dipole nanoantenna when appropriately excited [32]. However, the length
of the dipole nanoantenna is shorter than λ/2 due to modified metal prop-
erties at optical frequencies [28]. Plasmon resonances, a collective motion
of electrons in metals coupled to light, allow the dipole nanoantenna to
confine light at two ends known as hotspots [29, 68].
All the measurements shown in this thesis are performed on aluminum
nanorod (dipole) antennas. The nanorod antenna is a simple planar geom-
etry and can be easily adapted for any wavelength by simply changing the
length of the nanorod. In comparison to the nanosphere, the nanorod has a
preferential axis, which allows selective excitation and introduces an extra
parameter (e.g. polarization) to investigate the nanoantenna’s interaction
with an emitter.
We choose aluminum in our experiments due to its superior plasmonic
properties within the visible spectrum [44, 69]. Aluminum is a more perfect
conductor (more negative permittivity) as compared to other noble materi-
als such as gold and silver. Aluminum has the shortest skin depth in the
optical regime, which is superior for localizing optical fields. In addition,
aluminum rapidly forms a thin (2-3 nm) layer of oxide on its surface that
protects the underlying metal from further oxidation [70].
2.1.2 Fabrication technique
For the nanoantenna fabrication, we use a Zeiss-AURIGA cross-beam fo-
cused ion beam (FIB) milling machine. The FIB system applies a strongly
focused beam of gallium ions onto a sample to mill the structure with
nanometer precision [71]. The ions in the beam are accelerated in an electric
field of 30 KeV, which allows them to hit the sample surface with very high
momentum, resulting in efficient removal of atoms from the surface. The
beam diameter, and, hence spatial resolution, can be adjusted by changing
the beam current. The current has a nonlinear relation with the beam diame-
ter and varies from 2 pA (7 nm) to 20 nA (1100 nm). The FIB system employs
a separate electron source to simultaneously image the milling process. A
lithography software called nano pattering visualization engine (NPVE) is
incorporated into the FIB system, which permits the design and fabrication
of arbitrary nanostructures. Additionally, the fabricated nanostructures can
be imaged using three different detectors, which provide information about
different materials and topography of the structure.
An optical fiber with outer diameter of 125 µm is almost three orders of
magnitude bigger than a nanoantenna of typical length of <200 nm. There-
fore, firstly, the fiber is tapered by heat pulling using a micropipette puller
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Figure 2.1: Scanning electron microscope images of the three phases of the
fiber in preparation for a nanoantenna tip. (a) A heat pulled fiber with tapered
end with typical diameter of <100 nm. (b) The tapered end of the fiber is cut
using the FIB to make a regular flat base for the nanoantenna fabrication. (c)
The end face is coated with a thin layer (50-60 nm) of metal (aluminum) using
thermal deposition.
(Sutter P2000) to bring its diameter down to <100 nm. Next, the tapered
end is cut flat using FIB to prepare a base for the nanoantenna with typi-
cal diameter between 300-500 nm. Afterwards, the end face of the fiber is
coated with a thin adhesion layer of Titanium (3 nm) followed by a coating
of 50-60 nm of the metal of interest. Figure 2.1a-c show scanning electron
microscope (SEM) images of the fiber in the three aforementioned steps
involved in the preparation of the nanoantenna tip.
The nanoantenna is subsequently milled into the metal film of the tip us-
ing FIB. The milling process is illustrated in Figure 2.2a, which depicts a top
view of the metal coated fiber where the inner circle represents the tapered
end. Using NPVE software, we construct a nanorod shape on the fiber end
by combining four rectangles (in green) as shown in Figure 2.2a. The di-
rection of milling for each rectangle, indicated by arrows in Figure 2.2a, is
selected in such a way that it mills towards the structure to minimize rede-
position of the milled material onto the nanoantenna. Figure 2.2b shows the
nanorod shaped antenna sitting at the fiber apex after the milling procedure.
Before fabricating the nanoantenna on the fiber tip, several calibrations are
performed on a metal coated cover-slip of the same material and thickness.
This is required to find the correct geometry and dose (amount of charge
per unit area) of ions in the beam at a given beam current to obtain the de-
sired length and width of the nanoantenna. Most of the nanoantennas used
in this thesis are fabricated at a 2 pA beam current (7 nm beam diameter)
using these milling parameters: [Dose = 0.106 nC/µm2, Dwell time = 650
µs, Repeat = 1], where Dwell time is the time per pixel, and Repeat defines
the number of times the beam is scanned over the rectangle.
Figure 2.2c,d show two examples of aluminum (Al) and gold (Au) nanorod
shaped (dipole) antennas fabricated on the apex of a tip. A clear contrast
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Figure 2.2: Milling technique and fabricated nanoantennas (a) A schematic
showing the top view of a metal coated fiber with the inner circle represent-
ing the apex of the fiber. A rectangular geometry is used and placed around
the coated fiber such that it removes the metal from all the directions, which
results in the shape of a nanorod. (b) Fiber after the milling process, where
the remaining metal forms a nanorod shape. SEM images (both side and top
view) of the FIB milled (c) Aluminum nanoantenna, length=170 nm, width=50
nm, height=50 nm, and (d) Gold nanoantenna, length=190 nm, width=50 nm,
height=50 nm. The nanoantenna is sitting at the end of a glass-socket (200-300
nm long), which prevents unwanted interactions between the rest of the tip
and investigated emitter.
between the gold film and glass can be seen (Figure 2.2d) due to the larger
mismatch in their refractive index than in the case of aluminum and glass,
where the contrast is low (Figure 2.2c). In both cases, the nanoantenna is a
free standing structure positioned on top of a glass-socket of nearly 200-300
nm length (see Figure 2.2c,d). The glass-socket is a by-product of the FIB
milling as the ion beam mill through the fiber (glass), leaving the nanoan-
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tenna as a stand-alone structure. This is an advantage as the glass-socket de-
couples the nanoantenna from the rest of the coated fiber. In this way, when
the nanoantenna tip is brought close to an emitter (e.g. a molecule), we only
need to consider the interaction between the nanoantenna and molecule,
without taking into account the role of the tip. Thus, the proximity of the
nanoantenna can be clearly observed and easily interpreted. Moreover, this
stand-alone nanoantenna can be directly excited with far-field laser radia-
tion without the need of other excitation mechanisms such as guiding light
through the fiber [72, 73].
2.1.3 Fabrication of other nanoantenna designs
Similar to radio antennas, different designs of optical nanoantennas are pos-
sible, that address specific applications. Examples of different designs that
have been theoretically proposed and some fabricated on a planar substrate
include: (i) A nanogap antenna, where two nanorods are accompanied by
a small gap. The nanogap antennas can further enhance the local field at
the gap position and are useful for applications such as local nonlinear pro-
cesses and Raman enhancement [29, 43, 74]. (ii) A split-ring-resonator for
directional light emission and enhancing magnetic transitions [75, 76]. (iii)
L-shaped structures, which give a single hotspot while retaining nanoan-
tenna resonances in a separate plane, useful for high-resolution imaging
and also display unique non-linear properties [77].
Fabricating these nanostructures at the end of fiber tips would enor-
mously enhance the level of control of single emitters, however this poses
fabrication challenges and tests the current limits of nanofabrication. We
succeeded in the fabrication of some of these nanostructures and performed
some preliminary measurements. These investigations, however are not part
of this thesis. SEM images of gap, SRR and L-shaped nanoantennas fabri-
cated on a fiber tip are shown in Figure 2.3.
2.2 method for designing nanoantennas
As we discussed (in Chapter 1), a nanoantenna can enhance both the exci-
tation and emission rate of an emitter coupled to it. Since in general, maxi-
mum of the emission wavelength is Stokes shifted with respect to the excita-
tion (absorption) maximum of a fluorescent emitter e.g for a single molecule,
the nanoantenna resonance can be tuned to be resonant with either the ex-
citation or emission wavelength. In order to find the correct dimensions of
a specific nanoantenna design for a desired resonance condition, we per-
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Figure 2.3: Other nanoantenna designs. SEM images of FIB milled nano-
antennas at the apex of a fiber tip. (a) A gap nanoantenna milled on Al (60
nm). (b) A split-ring-resonator nanoantenna milled on 50 nm Au. (c) An L-
shaped Al nanoantenna.
form finite-difference time-domain (FDTD) simulations using a FDTD tool,
Lumerical. This method of designing nanoantennas has previously been
verified experimentally in our group [78].
The FDTD simulation is performed such that the designed nanoantenna
and simulation area closely represents the fabricated nanoantenna and ex-
perimental conditions, respectively. The schematic of a simulation scheme
for designing a resonance dipole nanoantenna is shown in Figure 2.4a. The
simulated area contains the Al nanoantenna at the end of a glass-socket
connected to the fiber tip (glass). We include a thin (3 nm) adhesion layer
of titanium between the nanoantenna and the glass-socket. A piece of glass
representing the molecule sample (a cover-slip) is placed 10 nm below the
nanoantenna. A 2D monitor that records the near-field of the nanoantenna
in the xy-plane is positioned 15 nm below the nanoantenna inside the glass
sample, which is the approximate position of a molecule on the cover-slip
in the experiment. Other monitor types (for example an xz-plane monitor)
can also be used.
An incident field, polarized along the x-axis and propagating along the
z-axis, excites the nanoantenna from below. The incident field has unity
magnitude, thus the field recorded by the monitor directly gives the en-
hancement of the nanoantenna (Figure 2.4a). Since the monitor is below the
incident field source, it records a superposition of both the scattered field
of the nanoantenna and the incident field, similarly to a molecule is a real
experiment. In the simulation, we can separately calculate only the contri-
bution of the scattered field by adopting the design shown in Figure 2.4b,
where the source is moved above the monitor. This configuration will later
be used in Chapter 4 for describing the interference effect in the near-field
of the nanoantenna
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Figure 2.4: A FDTD simulation scheme for designing nanoantennas. (a) The
simulation area contains a nanoantenna scanning tip and a glass sample 10
nm from the nanoantenna. A linearly polarized incident field propagating
along the z-axis excites the nanoantenna and the scattered field is collected
by a monitor placed 15 nm below the nanoantenna. In this configuration, the
monitor records a superposition of the scattered and incident field. This con-
figuration is similar to our experimental scheme, where a molecule is excited
by the resultant field. (b) The incident field is moved above the monitor such
that it excites only the nanoantenna. Thus, we obtain only the scattered field
of the nanoantenna directly at the monitor.
Resonance condition
The simulations show that the first-order dipole mode of an Al nanoantenna
with length=170 nm, width=60 nm, height=60 nm has a broad resonance
(spectral width>100 nm) with a maximum around 647 nm. We use these
dimensions in Chapter 3 when probing the excitation enhancement and vec-
torial field property of a dipole nanoantenna. In Chapter 5, the resonance of
the dipole antenna is tuned to the emission wavelength of single molecules
(≈ 680 nm). In this case, the resonant dimension for the first-order mode of
an Al nanoantenna is found to be length=180 nm, width=50 nm, height=50
nm. However, on fabrication the actual dimensions and sharpness of nano-
antennas slightly differ from the calculated ones, mainly due to FIB process-
ing.
2.3 fluorescent emitters
We use two different types of fluorescent emitters according to the specific
nanoantenna interaction we want to study. In the experiments, we use sin-
gle fluorescent molecules and polystyrene fluorescent nanobeads. For our
experiments, we have extensively used terrylene diimide (TDI) molecules
due to their high quantum efficiency (∼ 90%) and good photostability [79,
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Figure 2.5: Spectra of molecules and nanobeads. (a) Absorption (dashed line)
and emission (solid line) spectra of TDI molecules. (b) Excitation (dashed line)
and emission (solid line) spectra of polystyrene nanobeads.
80]. The TDI molecules have an emission peak around 680 nm whereas
the excitation spectrum has a maximum around 650 nm in toluene solu-
tion (see Figure 2.5a) [79]. For the experiments, we prepare a solution with
10−8 M concentration of molecules in 1% w/w of poly methyl methacry-
late (PMMA) in toluene. A 70 µL of the solution is spin-coated on a cleaned
glass cover-slip to obtain single molecules dispersed in a ≈20 nm thin layer
of PMMA.
A fluorescent nanobead is a polystyrene sphere of diameter around 20
nm (Invitrogen FluoSpheres 8783) containing a few hundred single fluo-
rophores. The excitation and emission wavelength peaks of the nanobeads
we used one at 660 and 680 nm, respectively (see Figure 2.5b). Polystyrene
beads are dispersed in aqueous 2% w/w polyvinyl alcohol (PVA) solution
at a concentration of 10−6 M and spin-coated onto a cleaned glass cover-slip
to provide a 60 nm thin layer of dispersed beads.
For both the emitter samples, we use a glass cover-slip of thickness 170
µm, which is thoroughly cleaned using sonication in acetone and water and
exposed to UV. The spin coating is done at a speed of 6000 rounds/min with
a ramp of 2.5 seconds for 60 seconds.
2.4 measurement techniques
A nanoantenna localizes the optical fields at sub-wavelength scales, which
decays rapidly within ≈ λ/10 nm [81], therefore the positioning of an emit-
ter in the near-field of the nanoantenna becomes crucial. Here, we use
an adapted near-field scanning optical microscope (NSOM) setup for po-
sition control of both optical nanoantennas and fluorescent emitters. The
schematic of the NSOM setup based on an inverted type confocal micro-
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scope is shown in Figure 2.6. For illumination, we use different types of
laser sources depending on the application. The setup is equipped with a
continuous wave (cw) laser at 647 nm (Coherent Innova 70C spectrum) , a
diode pulsed laser (PicoQuant LDH-P) at 633 nm, and a supercontinuum
white light pulsed laser (SuperK Extreme, NKT Photonics), which provides
a wide range of wavelengths. The laser light is filtered spatially (passing
through a pinhole) and spectrally (using a narrow bandpass filter) and col-
limated before coupling it into the microscope. The laser radiation is fo-
cused onto a sample by an oil immersion high numerical aperture objective
(NA = 1.3). The sample containing single molecules (or fluorescent beads)
is placed on a three dimensional piezo driven stage (Nano-PDQ 350, MCL
Inc.). The fluorescence is collected by the same objective and spectrally sep-
arated from the incident laser radiation by a dichroic beam splitter and a
long pass/band pass fluorescence filter.
NSOM head and scanning modes
A scanning tripod (NSOM head) accesses the molecule sample from above.
The tripod holds another three dimensional piezoelectric scanner on which
the scanning tip with nanoantenna is placed. A shear-force feedback sys-
tem controls the vertical axis of the scanner and keeps the scanning nanoan-
tenna tip in the near-field of the molecules on the sample surface at ≈10
nm distance [82]. Thus, in total we have five independent axes, which allow
us to scan both the molecule and scanning tip with respect to the opti-
cal axis of the microscope. It is clearly an advantage over other configu-
rations, as we can perform two different operations with a nanoantenna:
the mapping of the nanoantenna modes i.e. Mode mapping configuration
or the sub-wavelength imaging of single molecules i.e. Nanoimaging config-
uration (see Figure 2.7). In the mode mapping configuration, we select a
specific molecule and move it into the focus (optical axis). The nanoantenna
tip is scanned across this fixed molecule to map the nanoantenna modes
(Figure 2.7a). Here, the molecular fluorescence at positions away from the
nanoantenna provide a direct reference for the enhancement produced by
the nanoantenna at the hotspots. In the nanoimaging configuration, the
nanoantenna tip stays in the optical focus under continuous illumination,
and the molecule sample is raster scanned (Figure 2.7b). This way, we obtain
the nanoantenna response from every molecule crossing the nanoantenna,
and can perform a scan over a large area. Thus, this configuration is used
for nanoscale imaging of a single molecule sample with the nanoantenna
confining the excitation field.
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Figure 2.6: A near-field scanning optical microscope (NSOM) based on an in-
verted confocal microscope. A laser light is focused onto a molecule sample by
an oil immersion objective (NA = 1.3), and the same objective collects the fluo-
rescence signal. The setup is equipped with three different laser sources, two
pulsed and one cw, each can be coupled into the microscope using flip mirrors.
A set of dichroic beam splitter and fluorescence filters0 (long or band pass) is
used to separate the fluorescence from the incident laser. The fluorescence is
further split into two orthogonal polarizations (along x- and y-axes) using a
polarizing beam splitter (or into two equal parts by a 50:50 beam splitter) and
each focused onto two different avalanche photo diodes (APDs). For lifetime
time imaging, the timing output of the two APDs are connected to one input
(stop signal) of time-correlated single photon counting (TCSPC) module via a
router whereas the TCSPC is synced (start signal) by an excitation pulsed laser.
A fiber tip with a nanoantenna glued onto a tuning fork is placed on a three
dimensional piezo stage and fixed to a tripod (NSOM head). The NSOM head
access the molecule sample (also on a three dimensional piezo stage) from the
top and the tip is brought in a close vicinity (≈10 nm) of the sample using a
feedback system based on Shear-force.
Apart from the intensity measurements, in our experiments, we can fur-
ther analyze the fluorescence signal in polarization and measure its time
dynamics and photon statistics. The description of the two parts is as fol-
low:
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Figure 2.7: NSOM scanning configurations. The setup can be operated in two
different scanning modes. (a) Mode mapping, where the nanoantenna tip is
raster scanned over a excited molecules to map the plasmonic modes of the
nanoantenna. The map produced this way has the contribution of the molecule
with or without the nanoantenna.(b) Nanoimaging: The stationary nanoan-
tenna tip is under continuously illumination, and the molecular sample is
raster scanned. It allows us to obtain a large area scan of a molecular sample
with sub-wavelength resolution.
Polarization resolved intensity measurement
A polarizing beam splitter divides the fluorescence signal into two orthog-
onal polarizations, each focused onto two different avalanche photo diodes
(APDs), for x-polarized and y-polarized fluorescence. As we will see in
Chapter 3, this is essential to measure background-free field components of
a dipole nanoantenna. Moreover, this polarization resolved measurement
can provide direct access to the emission properties of an emitter when
coupled to a nanoantenna. This is realized through the degree of linear po-
larization (DOLP) value. The DOLP is an intensity independent parameter,
which quantifies the emission polarization and defined as:
DOLP =
Ix − Iy
Ix + Iy
, (2.1)
where Ix and Iy are the collected fluorescence intensities for x and y polar-
izations, respectively [44]. For the x-polarized and y-polarized fluorescence
signal, the DOLP = 1 and -1, respectively.
Lifetime imaging and antibunching measurement
The fluorescence lifetime of a molecule is the time it spends in the excited
state before decaying to the ground state by emitting a photon. The fluores-
cence of a molecule is often observed between the first excited state and the
ground state and occurs on the time scale of 10−9 − 10−8 s. Using a time-
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correlated single photon counting (TCSPC) module, the arrival time of a
emitted photon relative to the excitation pulse can be measured accurately.
In the experimental setup (Figure 2.6), we have employed such a TCSPC
module (PicoHarp 300, PicoQuant) and fast APDs with time resolution of
'40 ps (PDM series 50 µm, Micro Photon Devices). Both the detectors are
directly connected to a router (PHR 800, PicoQuant) to perform simultane-
ous two channel time-resolved measurements. The router feeds the TCSPC
module with the photon arrival information of each detector. We operate
the TCSPC in time-tagged-time-resolved (T3) mode in which it stores the
start-stop time difference between the laser excitation (synchronization sig-
nal) and the detected photon (stop signal) and arrival time of the event pair
relative to the overall experiment time scale i.e. time tagging the event. In
order to obtain a 2D lifetime image, an extra information regarding the pho-
tons emitted from each pixel needs to be recorded. To synchronize the piezo
scanner position, external line markers are recorded to sort out the photon
numbers attributed to the different pixels. Moreover, the option of storing
channel information for the polarization sensitive detection is incorporated
as well. This way, we obtain the full information of the photon dynamics in
the form of a T3 file.
Photon correlation statistics measurements are performed by replacing
the polarizing beam splitter with a 50:50 beam splitter. We use the TCSPC
in histogramming mode which allows us to record number of coincidences
i.e. when the two APDs have one detection each. In this configuration, both
the APDs are plugged directly into the TSCPC module with one APD pro-
viding the start and other the stop signal. Further detail on the antibunching
measurements and setup will follow in Chapter 5.
3
V E C T O R I A L M A P P I N G O F N A N O A N T E N N A F I E L D S
The ability of optical nanoantennas to localize light on sub-wavelength vol-
umes allows strong light-matter interactions and are promising candidates
for novel applications. Such confined nanovolumes of light have non-zero
field components in all directions (x, y, and z). Unfortunately mapping of
the actual nanoscale field vectors has so far remained elusive, though the
nanoantenna hotspots have been explored by several techniques. In this
chapter, we present a novel method to probe all 3 components of the lo-
cal nanoantenna field. To realize this, a resonant dipole nanoantenna is de-
terministically scanned in close proximity to single fluorescent molecules,
whose fixed excitation dipole moment reads out the local field vector. With
nanometer molecular resolution, we distinctly map x-, y-, and z-field com-
ponents of the dipole nanoantenna i.e. a full vectorial mode map and show
good agreement with full 3D FDTD simulations. Moreover, the fluorescence
polarization maps the localized coupling, with emission through the lon-
gitudinal nanoantenna mode. Finally, we use the nanoantenna as probe
for single molecule imaging with 40 nm FWHM response function. The
total fluorescence enhancement is 7.6 times, while out-of-plane molecules,
almost undetectable in far-field, are made visible by the strong z-field of the
nanoantenna with fluorescence enhancement up to 100 times. Interestingly,
the apparent position of molecules shifts up to 20 nm depending on their
orientation. The capability to resolve orientational information on the single
molecule level makes the scanning resonant nanoantenna an ideal tool for
extreme resolution bio-imaging.
3.1 introduction
Optical nanoantennas are opening doors to control and optimize light-matter
interaction on nanometer scale, as much as radio antennas have made rev-
olutionary changes in the field of communication and modern day tech-
nology. Although nanoantennas are truly promising for imaging and sens-
ing at the single molecule level, the molecules need to be controlled accu-
rately both in nanoscale position and in orientation to profit on the poten-
tial advantages. Therefore, it is essential to take into account the full vecto-
rial nanoantenna field and control both the position and orientation of the
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molecule with respect to the nanoantenna. In this chapter, we demonstrate
the full vectorial near-field mode mapping of a resonant dipole nanoan-
tenna with deterministic position control of the molecules. Furthermore,
we show a direct application of the nanoantenna in fluorescence enhanced
super-resolution single molecule imaging.
Over the years, a large variety of microscopic techniques have been em-
ployed to map the local fields of the plasmonic nanostructures. Two-photon
photoluminescence (TPPL) has proven useful to investigate the plasmonic
modes of gold nanorods [29, 68]. However, being a far-field method, the
resolution of TPPL is diffraction limited to ≈200 nm. A nanorod (dipole)
antenna operating at visible frequencies has typically a length less than 200
nm and requires a near-field technique to resolve its plasmonic modes. The
widely adapted approach is to use “apertureless” near-field scanning opti-
cal microscopy (aNSOM). The near-field of the nanostructure is converted
into propagating far-field by scattering through a pointed nanotip (semi-
conductor or metal), whose apex radius determines the lateral resolution
[83]. Dorfmüller et al. have demonstrated amplitude and phase images of
modes of gold nanorods of different lengths in a aNSOM type experiment
using an atomic force microscope (AFM) tip [53]. Using the same method
operating at mid-IR wavelength, Schnell et al. have shown amplitude and
phase resolved mapping of a gold rod, disk and triangle nanoantenna [84,
85]. Unfortunately, the AFM tip largely couples to the out-of-plane field
component of the nanoantenna, while in-plane components remain mostly
unaddressed. Alternatively, scanning electron microscopy has proven very
powerful to study the plasmonic modes of a nanostructure. Coenen et al.
and Knight et al. have mapped the modes of gold and aluminum nanorods
using e-beam induced cathodoluminescence [69, 86], while electron energy-
loss spectroscopy (EELS) has been applied, e.g. to image modes of a silver
nanotriangle [87]. Electron microscopy provides wide spectral range from
UV to infrared, however due to the direction of the incident e-beam, perpen-
dicular to the sample surface, one maps only the out-of-plane field compo-
nent of the nanostructures. Thus, no vectorial field map is obtained. Also, it
should be noted that all techniques mentioned are merely characterization
methods, applicable to nanoantennas fabricated on a planar substrate. Thus,
after the characterization, the nanoantennas can not easily be manipulated
with respect to photon emitters for applications in optical nanoscopy and
spectroscopy.
Here, we present a different technique to map the near-field modes of the
optical nanoantenna using single fluorescent molecules as vectorial point
probes. The molecular probes offer a number of advantages over the previ-
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ously mentioned approaches. First of all, the resolution of such molecular
probes is determined by the size of the absorption cross-section, typically in
the order of 1 nm. Second, and most importantly, single molecules have a
well-defined absorption dipole moment, which interacts preferentially with
certain nanoantenna field components and permits to separately image dif-
ferent field components enabling the vectorial mapping of the nanoantenna
field [88, 89]. Finally, the detection of the fluorescent signal of a molecule
coupled to the nanoantenna provides virtually background free images, as
the detected fluorescence is spectrally Stokes shifted compared to the in-
cident wavelength. The evanescent nature of the confined field and the
nanometer scale of the nanoantenna both require a high control on the posi-
tioning of the molecular probe relative to the structure under investigation.
We rely on proven scanning probe techniques, which allow us to bring the
nanoantenna and molecule in the near-field interaction and to scan one re-
spect to the other with nanometric accuracy in order to map the interaction
with high resolution [33, 34, 73].
Experiments using single emitters as sources for microscopy have so far
been limited [66, 90–92]. In a recent experiment by Frimmer et al., a fluores-
cent bead attached to a tip was used to scan the bead through the near-field
of a gold nanowire [67]. However, due to bleaching a large bead (≈100 nm)
with many fluorophores was needed, thus compromising the optical resolu-
tion and averaging over all field directions. Here, we have inverted the ap-
proach by fabricating the nanoantenna directly at the apex of a fiber, while
single molecules probing the local field are spin-coated on a flat cover-slip
[34, 73]. The scanning fiber tip, containing the nanoantenna, is brought in
the close vicinity of the molecule sample and scanned deterministically over
these molecules. Discrete bleaching of the molecules is not a limit as there
is a large number of molecules available on the cover-slip. Using proposed
technique, we experimentally demonstrate the vectorial mode mapping of
a resonant dipole nanoantenna. Firstly, we map the total near-field inten-
sity of the resonant dipole nanoantenna. Next, we use the nanoantenna as a
probe for nanoimaging of single molecules with enhanced fluorescence. We
determine the enhancement and orientational distribution of the molecules
from such nanoimages and select specific molecules to map all the three
field components (x, y, and z) of the nanoantenna separately. We present
FDTD simulation results, which show good agreement for the x-, y-, and
z-fields. Finally, the fluorescence polarization of the molecule changes by
the reversible coupling to the nanoantenna mode and provides a direct
nanoscale map of the local coupling. .
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3.2 nanoantenna : total near-field mapping
Under a weak excitation field (below saturation), detected fluorescence I
from an emitter is proportional to the excitation rate Γexc and the quantum
efficiency of the emission ηa i.e. I ∝ Γexcηa. Here, we use fluorescent beads
and single molecules with high quantum efficiency, and maintain a separa-
tion >5 nm between the emitter and nanoantenna to avoid any quenching
in the fluorescence [23, 24]. Thus, the variation in ηa is negligible compared
to Γexc. Therefore, the detected fluorescent intensity I depends chiefly on
the excitation field E. The excitation field E is localized in modal hotspots of
≈40 nm in size, still larger than the dimensions of the molecular electronic
orbitals, therefore the field E is constant over the size of the emitter and
within the dipole approximation we can take the transition dipole moment
p to write the fluorescence intensity I as the vector-product |p.E|2 [23, 63]. By
scanning the emitter through the excitation field of the nanoantenna, the flu-
orescent intensity thus maps a vector component of the enhanced excited
near-field of the nanoantenna. In this way, the results obtained using the
mode mapping technique can be directly compared with FDTD calculated
field maps.
Figure 3.1a shows the calculated total near-field intensity distribution
(Itotal) of a resonant dipole nanoantenna for a plane wave excitation, polar-
ized along the long axis of the nanoantenna. The two localized spots corre-
spond to the field maxima of the first-order resonance of the dipole nanoan-
tenna. A measured mode map of a resonant dipole nanoantenna is shown
in Figure 3.1b using a 20 nm nanobead as probe in mode mapping configu-
ration (Figure 2.7a). A nanobead is an ensemble of a few hundred randomly
oriented fluorescent molecules i.e. a collection of many different dipoles (p).
Thus, probing the nanoantenna near-field by a bead produces the sum of all
possible field components (E) that results in Itotal. First, we imaged a sam-
ple containing nanobeads confocally and subsequently selected a nanobead
to map the total field intensity of the dipole nanoantenna. The nanoantenna
was resonantly driven by linearly polarized far-field laser radiation (λ =647
nm) along its long axis. The resulting plasmon mode localizes at both ends
of the nanoantenna for the first-order dipole resonance. This localized field
strongly excites the nanobead, and thus enhances its emitted fluorescence.
By scanning the nanoantenna over an isolated nanobead, we make sure that
the nanoantenna interacts with that specific nanobead only, thus avoiding
any contribution from neighboring nanobeads. In the image, the signal out-
side the bright spots zone is fluorescence of the continuously illuminated
nanobead i.e. non-enhanced fluorescence. The increase in the excitation is
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Figure 3.1: (a) FDTD calculation, and (b) Measurement (using a nanobead) of
the total near-field intensity of the first-order resonance mode of an aluminum
dipole nanoantenna (length=170 nm, width=60 nm, height=60 nm) for a lin-
early polarized excitation. (d,e) Line profiles along the dashed lines for both
the maps show the sharp (≈50 nm) nanoantenna hotspots and the modula-
tion in the field intensity due to the interference between the near-field of
the nanoantenna and the excitation (incident) field. Color scales represent the
intensity enhancement of the nanoantenna with respect to, respectively, the ex-
citation intensity in the calculation, and the non-enhanced fluorescent signal
of the nanobead in the experiment. (c) The measured degree of linear polar-
ization (DOLP) map. (f) Line profile along the dashed line in the DOLP map
shows the change of DOLP towards +1 at the hotspots, i.e. linear x-polarization
along the long axis of the nanoantenna.
evident as the fluorescent signals from the two spots are much brighter than
the non-enhanced fluorescence. Each spot is a convolution of the bead with
the extent of the total field at the nanoantenna ends. The typical FWHM
of the measured spot size is around 50 nm, which corresponds the field
confinement of ≈45 nm convoluted with the 20 nm of the nanobead at the
nanoantenna .
The enhanced fluorescence at the hotspots is strongly polarized along the
long axis of the dipole nanoantenna. To quantify the emission polarization,
we plot intensity independent DOLP (degree of linear polarization) map
as defined in Chapter 2 (Equation 2.1). Figure 3.1c shows the DOLP map
for the nanobead-nanoantenna system. In the color scale, green denotes
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the emission polarized fully along the nanoantenna axis (DOLP = +1), and
red the perpendicular polarization (DOLP = -1). The DOLP map clearly
shows the distance dependent coupling of the nanobead to the nanoan-
tenna. Away from the nanoantenna the emission is only slightly polarized
(DOLP ≈0.2-0.3) due to the far-field excitation with x-polarized light. Ap-
proaching the hotspot the emission becomes increasingly x-polarized, with
the DOLP reaching up to 0.8, which confirms the coupling of the emission
to the nanoantenna mode [60, 64]. Interestingly at the center of the nanoan-
tenna, right in between the two hotspots, the polarization retakes the value
of the uncoupled situation, see the line profile in Figure 3.1f.
Both the calculated and measured mode maps in Figure 3.1a,b exhibit a
variation in the non-enhanced fluorescence around the localized spots. The
fluorescent intensity changes radially outwards from the axis of the dipole
(x-axis). This variation can be clearly seen in the line profiles in Figure 3.1d,e,
which are cut along the dashed lines in the mode maps. The line profiles
show modulation in the intensity going from minimum at the center to
maximum at the end of the nanoantenna. The intensity decays away from
the nanoantenna and increases again to reach the non-enhanced fluores-
cence signal level. The reason for this behavior is attributed to interference
between the near-field of the nanoantenna and the far-field excitation. The
detailed explanation will follow in Chapter 4, where we discuss the inter-
ference in the near-field of a nanoantenna.
The constant non-enhanced fluorescence around the nanoantenna hotspots
provides a reference to calculate the enhancement caused by the nanoan-
tenna. The two quantities are comparable because both the nanobead and
nanoantenna are excited with the same linearly polarized light and excita-
tion power. In order to quantify the enhancement, we scan the nanoantenna
over several nanobeads maintaining the same scanning condition, and com-
pare the mean value of the non-enhanced fluorescence with maximum flu-
orescence collected. The maximum enhancement varies from a minimum
value of 3.2 to a maximum of 15.2 with a mean value of 7.6. The measured
maximum enhancement range is in good agreement with the calculated
maximum enhancement of 9.4 for a distance of 15 nm from the nanoan-
tenna. The measured distance between the two hotspots is ≈ 137 nm, which
matches well with the simulation value of 130 nm. It should be noted that
the value is less than the physical length 170 nm of the base of the nanoan-
tenna. This difference is due to different vectorial field components, which
we address in the following section.
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3.3 nanoimaging of single molecules
Next, we use the resonant nanoantenna to image single fluorescent molecules
in the nanoimaging configuration (Figure 2.7b). As a reference first a molecule
sample was imaged in confocal mode with circular polarized excitation
(λ =647 nm) to obtain diffraction limited fluorescent spots as shown in
Figure 3.2a. A near-field image using the nanoantenna probe is shown in
Figure 3.2b for the same area as the confocal scan. In Figure 3.2a,b, we plot
the total fluorescence signal collected in both x-and y-polarized channels.
Highly localized bright spots are clearly visible in the near-field image. We
observe the two hotspots corresponding to the first-order resonance mode
of the nanoantenna similar to Figure 3.1b. In most of the cases, the width
of a fluorescent spot along the long axis of the nanoantenna in the near-
field image is ≈40 nm, which is determined by the field localization and
thus defines the spatial resolution of the image. Remarkably, we observe
some single molecules appear in the near-field scan, which can not be de-
tected in the confocal image (for example those marked with a circle in
Figure 3.2a,b). Certain molecules with weak or negligible fluorescent signal
in the confocal produce high signal when interacting with the nanoantenna
in contrast to some other molecules with strong signal in the confocal and
comparable hotspot signal with the nanoantenna. These differences are a
clear indication of the interaction of the nanoantenna with molecules of
different orientations.
To investigate the effect of orientation on enhancement, we perform a sta-
tistical analysis and plot an intensity correlation of the single molecules, as
shown in Figure 3.2c. Here, we compare the confocal and near-field images
by plotting the near-field intensity caused by the nanoantenna (Iantenna)
against the corresponding confocal intensity (Iconfocal), for each molecule.
We have taken the maximum intensity for each fluorescent spot in the con-
focal image and the maximum out of two localized hotspots in the near-
field image. The correlation plot includes close to 150 molecules from dif-
ferent confocal and near-field image-pairs, all with same experimental con-
dition. One can appreciate the distribution of the molecules represented by
roughly a triangle area in Figure 3.2c. Fluorescence enhancement lines of
1x, 10x, 100x are indicated (ratio of molecule fluorescence with and without
the nanoantenna, respectively) as a reference. There are many molecules
with negligible confocal intensities (Iconfocal < 20 counts/10 ms), which
produce strongly enhanced Iantenna more than 1000 counts/10 ms, corre-
sponding to an enhancement of 10-100 times. The lower limit of the distribu-
tion is given by the 1x enhancement line, which means that some molecules
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Figure 3.2: Nanoimaging of single molecules using a resonant dipole nanoan-
tenna. (a) Confocal image of single molecules, showing mainly in-plane (x,
y) oriented molecules. (b) The near-field scan of same area as in (a) with the
nanoantenna probe in nanoimaging configuration. All the molecules including
oriented in the z-direction are clearly visible. The image resolution is roughly
40 nm. (c) Intensity correlation between single molecule fluorescence intensity
enhanced by nanoantenna and confocal mode. The triangular shaped distribu-
tion allows to distinguish molecules with different orientations, as indicated
on top of the plot. The enhancement of molecule fluorescence ranges from a
lower value of 1 to a upper limit of 100.
hardly interact with the nanoantenna. Also, the absence of molecules below
the unity line indicates that the proximity of the aluminum nanoantenna
does not introduce quenching.
In the confocal case, the in-plane circularly polarized incoming excita-
tion field mostly interacts with in-plane projections of the absorption dipole
of the molecules and can not excite molecules oriented completely out-of-
plane. So, only molecules oriented in-plane reach to high Iconfocal count
rate. Thus, going from right to left represents a change in the orientation of
the molecules from the in-plane (x- and y-axes) to out-of-plane (z-axis) as
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shown on top in Figure 3.2c. The nanoantenna displays x-, y- and z-oriented
near-fields, which can excite molecules with any orientation in space. The
molecules with negligible Iconfocal i.e. mostly out-of-plane dipoles orien-
tation, only appear in the near-field image due to an interaction with the
z-field component of the nanoantenna. Looking at the maximum Iantenna
going from in-plane to out-of-plane shows an increasing interaction of the
nanoantenna with the enhancement increasing from 1x to 10x and almost
100x for singular out-of-plane cases. Finally, the evanescent nature of the
nanoantenna near-field critically effects the excitation, making Iantenna
to depend on the molecule-nanoantenna distance. Taking into account the
varying depth of molecules in the PMMA film, the upper limit of the flu-
orescence enhancement is found for molecules closest to the nanoantenna
for different orientation.
3.4 nanoantenna : vectorial near-field mapping
Next, we will use the capacity to identify single molecules with different
dipole directions to image different near-field components (x, y, and z) of
the dipole nanoantenna i.e. vectorial mode mapping. Each single molecule
is a dipole with fixed orientation in space and can probe a specific near-
field direction of the nanoantenna. The fluorescent intensity I of a single
molecule coupled to a nanoantenna for a weak excitation field can be writ-
ten as the sum of the vectorial contributions I ∝ ∑
i
|pi.Ei|
2, where i = x,
y, z and pi is the absorption dipole moment of the molecule and Ei is the
local electric field of the nanoantenna projected on i-axis at the position of
the molecule [23, 63]. Consequently, a molecule oriented along the x-axis
will only interact with Ex components and produce Ix. In the same way, the
molecules oriented along the y- and z-axes will map Iy and Iz, respectively.
The vectorial mapping provides direct information on the field intensity en-
hancement originating from the different field components and location of
hotspots at the nanoantenna.
Using correlation plot Figure 3.2c, we select specific molecules oriented
along the z-axis and in-plane (x-, y-axes), all of them located above the unity
enhancement line. By comparing the confocal polarization channels, we
chose distinct molecules oriented along the x-axis and y-axis. The selected
molecule is positioned in the focus and the nanoantenna is scanned over
the molecule in the mode mapping configuration (Figure 2.7a). In this case,
we have chosen circular polarized light as it excites all in-plane molecules.
The measured x-, y-, and z-field intensities of the dipole nanoantenna us-
ing the selected x-, y- and z-oriented molecules are shown in Figure 3.3d-f.
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The simulations are presented in Figure 3.3a-c for the comparison. The long
axis of the nanoantenna is along the x-axis for both the simulations and
measurements. Both Ix and Iz maps show two hotspots for the first-order
resonance mode. The measured x-field component is relatively weak in con-
trast to the enhanced z-field component as also seen in the calculated maps
(Figure 3.3a and c).
Interestingly, the separation between the two hotspots in Ix is ≈ 160 nm
(Figure 3.3d), while it is ≈ 125 nm for Iz (Figure 3.3f). These lengths fit
well with the simulation, which gives 170 nm for Ix and 120 nm for Iz.
The nanometer molecular resolution of the vectorial mode maps allow us
to experimentally quantify these small difference in the distances. Another
distinction between the x- and z-field components can be seen by compar-
ing the non-enhanced signal, i.e. the fluorescence of the molecule probes.
The non-enhanced fluorescence is almost zero (white) for the measured
Iz, confirming that indeed it is an out-of-plane molecule along the z-axis.
On the other hand, the measured Ix map shows a variable non-enhanced
fluorescence in good agreement with the calculations. This is an in-plane
molecule with stronger non-enhanced fluorescence due to the confocal exci-
tation. However, the non-enhanced Ix fluorescence first decreases and then
increases, radially outwards from the nanoantenna axis, which can be at-
tributed to the local interference effect (see Chapter 4). The measured map
in Figure 3.3d is quite consistent with the calculated map in Figure 3.3a.
As the same x-field component of the circularly polarized light interacts
with both the nanoantenna and molecule, we can determine the maximum
enhancement with respect to interference free non-enhanced fluorescence.
The measured maximum enhancement is found to be 2, well comparable to
the calculated value.
We observed that all enhanced fluorescence is collected predominantly
by the APD in the x-polarized channel (Figure 2.6), which corresponds to
the signal polarized along the long axis of the nanoantenna. Figure 3.3g-i
show DOLP maps for the x, y and z molecules, clearly showing the nanoan-
tenna controlled emission of the molecules. All maps show high values of
the DOLP (green color) exactly at the hotspots. For the x-oriented molecule,
Figure 3.3g, the emission polarization becomes slightly more x-polarized, as
both the nanoantenna and molecule are oriented along the x-axis. For the
z-oriented molecule, Figure 3.3i, the far-field fluorescence is below the back-
ground and the DOLP non-defined (varying over full-scale), while the en-
hanced fluorescence at the hotspots is polarized along the nanoantenna axis
with high DOLP. The y-oriented molecule, Figure 3.3h, shows DOLP ≈-0.8
(red color), confirming the y-polarized emission. Close to the nanoantenna
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Figure 3.3: Vectorial mode mapping of a resonant dipole nanoantenna. (a-c)
Simulated field intensity maps for the x-, y-, and z-field components, respec-
tively. (d-f) Measured intensity maps for x, y, and z molecules showing x-,
y-, and z-field components, respectively. (g-i) Measured polarization (DOLP)
maps, corresponding to intensity maps (d-f). All the simulations and measure-
ments are performed for the resonant dipole nanoantenna of length=170 nm,
width=60 nm, height=60 nm. All scale bars are 200 nm.
the DOLP value changes dramatically from negative to positive (red to
green), redirecting the emission into the x-polarized channel. We have taken
advantage of this nanoantenna mediated emission for mapping the weak y-
field component of the nanoantenna. As shown in Figure 3.3h, the y-field
of the nanoantenna excites the molecule and the nanoantenna redirects the
emission into the x-polarized channel. Thus, exciting with y-polarization
while detecting the x-polarized emission, a background free Iy map is ob-
tained. The mapped y-field intensity component is shown in Figure 3.3e,
which is indeed free from the non-enhanced fluorescence of the molecule.
The map shows four spots around the extremities of the nanoantenna, well
supported by the calculated map in Figure 3.3b. As expected, the Iy field
is very weak though we see a very bright spot at right-top corner. This is a
cumulative effect of the local interference and the molecule orientation (see
Chapter 4). The measured maximum enhancement from other three spots
is only 1.1 (Figure 3.3e). Herein, the mean non-enhanced fluorescence was
acquired from the y-polarized channel, which collects all the fluorescence
of the molecule and is found essentially equal to the non-enhanced fluores-
cence of a molecule oriented along x-axis.
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The intensity enhancement in case of Iz is harder to define as the non-
enhanced fluorescence is almost negligible in the mode map. Typically Iz is
enhanced up to 100 times. For a quantitative comparison of enhancement
for all x, y, z vector components, it is more sensible to compare all sig-
nals to the same reference: a non-enhanced in-plane molecule. Therefore,
to calculate maximum Iz, we have taken the non-enhanced fluorescence of
one of the in-plane molecules, as a molecule along the z-axis will experi-
ence the same excitation power. Compared to the in-plane molecule, the
nanoantenna enhancement of the z-field intensity is 7.2, a little less than the
computed value of 8.3 but in agreement within experimental accuracy. Us-
ing the enhancement values of the three field intensity components Ix(=2),
Iy(=1.1), and Iz(=7.2), the total field intensity enhancement is 7.5, which is
similar to what we have measured with beads (=7.6). We do not observe any
local interference effect for Iz as the incoming circular polarized excitation is
orthogonal to the z-field of the nanoantenna. The z-field component is most
enhanced and located slightly inside from the ends of the dipole nanoan-
tenna, which also explains the distance between the two hotspots shorter
than the physical length of the nanoantenna in case of Itotal (Figure 3.1).
Hotspot positioning
The different distances between the nanoantenna hotspots, 160 nm for the x-
molecule and 125 nm for the z-molecule, are caused by the outwards point-
ing nanoantenna field lines. This effect is clearly observed in Figure 3.4,
which shows the field lines in the proximity of the nanoantenna in the xz-
plane. The field lines in the x-direction are mainly concentrated at the ex-
treme ends, while the field lines in the z-direction are more concentrated in
the zone towards the straight edge. Thus, the hotspots related to the x-field
are shifted almost 20 nm compared to the z-field hotspots. The interrelation
between the apparent hotspot position and the molecular orientation has
important consequences for super-resolution imaging. The presented 40 nm
FWHM responses do represent high spatial resolution, in principle allow-
ing a <1 nm localization accuracy. Yet, depending on molecular orientation
the actual position can be shifted up to 20 nm. Thus, the presented vectorial
mapping is important for correct quantitative interpretation of nanoantenna
enhanced super-resolution images.
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Figure 3.4: Calculated field intensity distribution of the dipole nanoantenna in
the xz-plane centered on the nanoantenna. The solid black line shows the cross-
section of the nanoantenna. The linear scale gives the intensity relative the in-
cident field intensity. Field lines represent the orientation of the local electric
field vector. The straight line under the nanoantenna indicates the glass-air in-
terface, and the dashed line is the level of the molecule. The map clearly shows
the evanescent nature of the nanoantenna field together with the bending of
the field lines, which underlies the vectorial effect in the local enhancement.
3.5 conclusion
We have measured the total field intensity of an optical resonant dipole
nanoantenna, showing mode confinement as small as 45 nm and maxi-
mum enhancement of 7.6. Next, we applied the same nanoantenna as a
probe to image single fluorescent molecules with a spatial resolution of
40 nm and demonstrated enhancement up to 100x in the molecular fluo-
rescence. We observed that the nanoantenna interacts strongly with out-of-
plane molecules, which are hard to detect in the confocal imaging. Inten-
sity correlation statistics allowed us to classify in-plane and out-of-plane
molecules and quantify the fluorescence enhancement. Subsequently by
choosing molecules with specific orientations, we have shown the full vec-
torial mode map (x, y-, and z-field components) of the nanoantenna. Using
molecular probe, we were able to measure relative strength of the three field
components of the nanoantenna mode and separate them spatially with
nanometer resolution. All the measurements are in good agreement with
3D FDTD simulations. Moreover, measuring the DOLP, we have mapped
the position dependence of the emission control by the nanoantenna mode,
for both single x, y, z molecules and fluorescent beads. This presented tech-
nique can readily be extended to study modes of the plasmonic nanoan-
tenna with more complex designs, using different metals, and for both pos-
itive and negative types of the nanoantenna. The method allows us to de-
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terministically place an emitter at the nanoantenna hotspots, exhibiting the
usefulness of this kind of scanning nanoantennas to study single photon
emitters, and control their excitation and radiative properties. Finally, the
resonant nanoantenna allows fluorescence enhanced extreme resolution mi-
croscopy with sub-nanometer localization accuracy, when the nanoantenna
field lines are taken into account.
4
S H A P I N G T H E N E A R - F I E L D O F N A N O A N T E N N A S
U S I N G I N T E R F E R E N C E
Optical nanoantennas coherently scatter incident optical radiation, creating
a localized electromagnetic near-field imprinted with a rapidly changing
phase distribution. The nanostructuring of phase by the nanoantenna al-
lows the scattered field to locally interfere with the incident far-field, whose
phase lacks nanostructuring and depends only on wave propagation in time
and space. Depending on the resonance conditions and material properties,
the interference can strongly modify the resultant near-field intensity of the
nanoantenna. Here, we present a detailed study, using both measurements
and numerical calculations, of the local interference effect in the near-field
of a resonant dipole nanoantenna. We use single fluorescent emitters as lo-
cal detectors to map the field distribution of the nanoantenna with nanome-
ter precision in presence of the incident field. Taking advantage of the vecto-
rial field of the nanoantenna, we are able to retrieve the original orientation
of the molecule in space. We experimentally demonstrate the polarization
(of the incident field) dependent hotspot switching while keeping the emis-
sion of the emitter unchanged. Results shown in this chapter are important
for the applications where the enhancement and hotspot position at the
nanoantenna are crucial such as in high resolution fluorescence imaging.
Moreover, the interference can be exploited to shape the nanoantenna near-
field to produce a tailored optical response such as polarization-controlled
hotspot switching, as will be demonstrated.
4.1 introduction
The concept of interference is not new for propagating electromagnetic (EM)
waves, where the superposition of two waves produces a resultant wave.
The condition of constructive or destructive interference is set by a phase
difference acquired through the propagation of waves in time and space.
Similarly, matter confined EM waves such as surface plasmons can also in-
terfere to modify the radiation and propagation properties of the plasmons
[93, 94]. In the past, a few studies have observed the presence of interfer-
ence in the near-field of non-resonant sharp metallic and dielectric nanotips
in apertureless-NSOM type experiments [95–97]. In contrast to propagat-
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ing waves, such local interference occurs between the incoming field and
coherent near-field response of the tip.
The near-field around an illuminated nano-object presents an intrinsic
complex 3D vector field distribution [98, 99]. Each spatial component of the
field has amplitude and phase structures with sub-wavelength variation
length [85, 100]. Thus, when interfering with the incoming excitation wave,
the field distribution can be significantly modulated below the diffraction
limit. The resulting local field can therefore be shaped and interesting in-
direct effects can emerge. Recently, local interference has been exploited
to control the directionality of a guided mode on a gold film and pho-
tonic crystal waveguide [101, 102]. The near-field components of the medi-
ating nanostructure interfere with the excitation field, allowing tunable di-
rectional propagation upon changing the excitation field polarization state.
Interference effects can thus be used to tailor and control the local field of a
nanostructure increasing its potential for applications. Direct experimental
observation will allow us to characterize and gain insight into underlying
mechanisms responsible for the local interference. To our knowledge, an
explicit study of such local interference and control of the local field distri-
bution have not yet been reported.
In this chapter, using direct experimental observations of the local inter-
ference together with numerical calculations, we present a detailed study
of the interference in the near-field of a resonant dipole nanoantenna. Op-
tical nanoantennas strongly confine the propagating EM field by exploiting
non-propagating localized surface plasmon resonances [31, 32]. We use sin-
gle fluorescent molecules as local nanosized probes to directly access the
local interference. We show the effect of the vectorial field distribution of
the nanoantenna on the interference by retrieving random 3D orientation
of single molecules in space. The right combination of the incident polariza-
tion and nannoantenna design can be applied to symmetrically modify the
near-field distribution and control the position of a hotspot at the nanoan-
tenna.
4.2 local interference at a nanoantenna
When illuminated by an incoming propagating wave at frequency ω0, a
nanostructure elastically scatters the incoming field. Any position in space
r around the object experiences a total field Etot(r), which is a superposition
of both the incident field Ein(r), and scattered field Es(r). The phenomena
of the local interference can be understood by considering the near-field
of the nanostructure, non-propagating part of the scattered field. The near-
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field is generally characterized by a subwavelength confinement possessing
a 3D vectorial distribution. The vectorial field can be decomposed along the
three Cartesian axes (x, y, z). The total intensity at the position r is the time
average of Etot(r) over many optical cycles and is given by Itot = |Etot(r)|2.
Therefore, Itot can be expressed as:
Itot = |Ein(r,ω0)|2 + |Es(r,ω0)|2 + 2
∑
i
|Eiin(r,ω0)||E
i
s(r,ω0)| cos(∆φi)
(4.1)
where i = x, y, or z and ∆φ is the phase difference between the ith com-
ponent of Ein and Es. The last term of Equation 4.1 causes the field com-
ponents to interfere and depends on the polarization state of the incoming
wave. Each component of the vectorial field exhibits a spatial structure with
a strong variation in the amplitude and phase [85, 99]. Based on the ampli-
tude and phase relations with the incoming field components, the resulting
intensity can be strongly modified, thus presenting a sub-wavelength inter-
ference pattern.
To illustrate this effect, we consider theoretically the simple near-field ar-
rangement around a metallic nanorod antenna close to the dipolar mode res-
onance (Figure 4.1). With far-field excitation by a propagating wave along
the z-direction and linearly polarized along the long axis of the nanoan-
tenna (x-direction), the respective induced x-polarized near-field compo-
nent will interfere with this incoming field. The near-field distribution of the
nanoantenna is altered according to Equation 4.1. We specifically choose an
aluminum nanoantenna with length=170 nm, width=50 nm, and height=50
nm to be resonant at a wavelength close to λ = 633 nm. As shown in the
previous chapter (Chapter 3), using this dipole nanoantenna gives an advan-
tage as it produces near unity enhancement for the in-plane x- and y-field
components at the dipolar resonance, a necessary condition for efficient in-
terference.
In Figure 4.2a-b, we present calculated intensity and phase distributions
of the x-field component of the scattered near-field (Es) at the xy-plane 15
nm below the nanoantenna, matching experimental conditions. Here, the
incoming excitation field (Ein) is numerically subtracted (see Section 2.2b).
For clarity, the intensity is normalized to the intensity of the excitation field
and the phase is relative to the excitation field at the position where the
field is monitored. We observe two sub-wavelength hotspots at the end of
the nanorod (Figure 4.2a), characteristic of the first-order resonance mode
of the nanoantenna (see Chapter 3). A third spot, weak in strength, can be
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observed at the middle of the nanoantenna between the two hotspots. Here,
the field enhancement is weak and the amplitude of Exs stays close to the
incoming field Exin. The phase map shows a similar two-lobed pattern with
an almost pi-phase shift between the two hotspots and middle positions, see
Figure 4.2b. According to Equation 4.1, the nanostructuring of the phase
permits the field to locally interfere, constructively or destructively, relative
to the constant phase of the incoming field. Figure 4.2c shows the resulting
intensity (Ixtot) for the x-field component considering both the incoming
and scattered field. Due to the local interference, the intensity enhances at
the hotspots and cancels at the middle. A characteristic hollow pattern with
intensity modulation is created around the nanoantenna (Figure 4.2c).
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Figure 4.1: Local interference at a nanoantenna. Schematic of a dipole nanoan-
tenna and its scattered field lines Es (in red) excited by a linearly polarized
incident field Ein (in green) at frequencyω0. The figure represents a snap shot
of the charge distribution and field lines at a fixed time. Since the nanoantenna
elastically scatters the impinging radiation, the two fields can interfere at the
detector’s positions. A molecule (in blue) with dipole moment p acts as a local
detector and sees a superposition of Es and Ein.
4.3 local interference probed by single molecules 41
4.3 local interference probed by single molecules
Experimentally observation of such local effects remain a challenge. To be
observable, the interference needs to occur at the position of a detector,
which records the resultant field. Due to the fast decaying near-field of
the nanoantenna, the detector must be placed within the decay length of
the field. Here, we choose nanometer sized single fluorescent molecules as
local nanoprobes (detector), with a fixed absorption dipole moment p. The
intensity is recorded by scanning a resonant Al dipole nanoantenna over
(≈10-15 nm) the single molecules in steps of 5 nm using the experimental
setup described in Section 2.4. The nanoantenna is fabricated at the apex of
a fiber tip with its long axis along x, and excited by circular polarized light
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Figure 4.2: Effect of the amplitude and phase distributions on the local interfer-
ence. The calculated (a) intensity and (b) phase maps of the x-field (Es) compo-
nent of a resonant Al (dipole) nanoantenna (see Figure 4.1). The nanoantenna
has dimension length=170 nm, width=50 nm, height=50 nm, and excited with
linearly polarized light along its long axis at 633 nm. The field is calculated in
a plane 15 nm below the nanoantenna. Two hotspots in (a) corresponds to the
first-order resonance mode of the nanoantenna. The dashed outline represents
the shape and size of the nanoantenna. (c) The calculated total field intensity
of the same nanoantenna in the presence of the incoming field (Ein), consid-
ering the interference. The maps clearly show the change in the field strength
of the nanoantenna due to the interference. The destructive interference com-
pletely cancels the weak spot in the middle, which is present in (a). (d) The
measured x-field map using a single fluorescent molecule, which includes the
local interference effect shows the similar hollow pattern as in the calculated
map (c). The black area (no fluorescence) in the image is due to the blocking
of the excitation laser beam to protect the molecule from photo-bleaching. For
the calculated maps, the intensity is normalized to the excitation field.
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at 633 nm (see Section 2.1). In the experiments shown here, we use two
different resonant dipole nanoantennas of the same dimension, length=170
nm, width=50 nm, height=50 nm.
A molecule (p) placed at any position r close to the nanoantenna experi-
ences the total field Etot (Figure 4.1) and thus can access the interference.
The resultant fluorescence signal is expressed as:
If ∝ |p.Etot(r)|2 =
∑
i
|pi.Eitot|
2 (4.2)
Selecting an orientation of the absorption dipole moment of the molecule al-
lows probing a specific or a combination of field components [99]. On prob-
ing the x-field component using the right molecule orientation, we obtain
a similar intensity pattern as in the simulation, two hotspots surrounded
by the variable intensity pattern (see Figure 4.2d). The resultant intensity is
modulated by the local interference due to a sharp change in the amplitude
and phase distributions. Similar to the calculated intensity (Figure 4.2c), we
observe a hollow pattern around the two hotspots in the measured inten-
sity map (Figure 4.2d). Thus, the measurement confirms the presence of
the local interference and its influence on the near-field distribution of the
resonant nanoantenna.
4.4 effect of the polarization on the local interference
According to Equation 4.1, different field components can contribute to the
local interference due to the 3D vectorial nature of the near-field. This de-
pends on the polarization state of the incoming field. A circular polarized
wave is composed of x- and y-field components with equal amplitude and
pi/2 phase difference. On exciting the dipole nanoantenna, such an excita-
tion field predominantly excites the dipolar mode while the interaction of
the nanoantenna with the y-field remains weak. Nevertheless, considering
Equation 4.1, both the x- and y-field components of the nanoantenna can be
affected by the local interference. A molecule in close vicinity to the nanoan-
tenna experiences this combination of fields, which strongly depends on the
orientation of the molecule in space.
Figure 4.3a-e show measured intensity maps using the nanoantenna de-
scribed before, excited with circular polarized light, for different molecule
orientations. Depending on the molecule orientation, the maps exhibit large
variation in intensity patterns showing different fluorescence background
levels (fluorescence of the molecule alone), symmetric or asymmetric hotspots,
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Figure 4.3: (a-e) Measured intensity patterns of the nanoantenna excited by
circular polarized light at 633 nm and probed by five different molecules.
The variation and asymmetry in the intensity patterns arise due to the lo-
cal interference of Ein and Es, and the projection of the resultant field on the
molecule’s dipole. (f-j) The FDTD calculation of the intensity patterns at 15
nm below the nanoantenna when excited by circular polarized light same as
in the experiments. The calculations are performed considering the interfer-
ence effect, and approximate value of the angles ϕ and θ are retrieved based
on Equation 4.2, which are shown in the figure. The calculated intensity maps
match very well with the measured maps, which show the values of ϕ and θ
closely describe the original orientation of the molecules in the measurements.
(k-o) Calculated maps without taking interference into account. The asymme-
try shown here is due to the orientation of the molecules.
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px = |p|cos(θ)sin(φ)
py = |p|sin(θ)sin(φ)
pz = |p|cos(φ)
Figure 4.4: Schematic of an arbitrary oriented molecule dipole p in Cartesian
plane (xyz). The p has the polar angle (from the z-axis) of ϕ and the azimuthal
angle is θ. Projection of the dipole on each axis is defined as px, py, and pz
whose values can be written in form of the two angles as shown in the figure.
bright and dark spots as well as butterfly shaped distributions. Due to the
circular polarization of the incoming field, molecules oriented along the xy-
plane will be most effected by the local interference. On the other hand,
molecules oriented principally along the z-axis will be less sensitive to the
interference. Apart from the polarization of the excitation field, which is
responsible for the local interference, we also need to take into account the
orientation of the single molecules with respect to the nanoantenna while in-
terpreting the intensity images. For an arbitrarily oriented single molecule
in the xyz-plane, with polar angle of ϕ and azimuthal angle θ (see Fig-
ure 4.4), the measured field intensity can be given by Equation 4.2. The
components of the total field (Etot) are known from the FDTD calculations
using identical excitation conditions. By comparing the experimentally ob-
tained intensity maps and calculated maps through Equation 4.2, the orien-
tation of the molecule relative to the nanoantenna can be deduced.
Results of the simulations with deduced orientation of molecules are
shown in Figure 4.3f-j. The retrieved orientations allow us to order molecules
from fully out-of-plane (z-axis) to fully in-plane (xy-plane) configurations
(see the arrow), the last one corresponding to a full y orientation (Fig-
ure 4.3e,j). The reconstructed intensity patterns match well with the mea-
sured maps, suggesting that calculated angles closely represent the original
molecule orientation in the xyz-plane. To emphasis the interference effect,
we also plot the intensity maps by subtracting the incoming field from the
total field, see Figure 4.3k-o. We observe a non-modified characteristic dipo-
lar two hotspots pattern for the fully z-oriented molecule (Figure 4.3a,f,k).
The intensity pattern starts deviating from the typical pattern as the angle
ϕ starts increasing. For a fully y in-plane molecule the pattern shows two
diagonal bright and dark lobes (Figure 4.3e,j) instead of an expected four-
lobed pattern (Figure 4.3o).
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As discussed before, we observed that the more the molecule is oriented
along the z-direction, the lower the background fluorescence is and the
less it is affected by the interference. As expected, the in-plane oriented
molecules produce a high background fluorescence. Thus, the in-plane molecules
show high sensitivity to the local interference and exhibit strange patterns,
which have major discrepancies compared to corresponding patterns where
interference is not present (Figure 4.3i,n and j,o). In addition to the modi-
fication to the field distribution, significant enhancement in the near-field
intensities can be produced by the interference. In these maps, we see how
the combination of local interferences involving the two in-plane compo-
nents can drastically alter the resultant intensity pattern.
4.5 local interference for hotspot switching
As previously demonstrated, going from linear to circular polarization ex-
citation allows local interference for the y-field, which in-turn modifies the
effective local field. For the dipole nanoantenna, the local interference cre-
ates an asymmetric four-lobed pattern for the y-field component instead of
the expected symmetric four-lobed pattern (Figure 4.5b,d). Indeed, it shows
two-bright spots in one diagonal (point 1 and 3) and two-dark spots with
almost no fields on the opposite diagonal (point 2 and 4). In the original
(without the interference Figure 4.5b) map, the four lobes of the y-field com-
ponent of the nanoantenna show almost equal amplitudes, however each
lobe has a phase difference of pi compared to its neighbors (Figure 4.5a).
Thus, the amplitude and phase relations for the incoming y-field is such
that it results in quasi-fully destructive interference for the two-dark spots
while consequently the two-bright spots present constructive interference
with 5-fold intensity enhancement (Figure 4.5d). The position of the bright
and dark spots have their origin in the phase distribution, notably the phase
difference between the lobes. Thus, by changing the polarization state of the
incoming field from left to right circular polarization, we alter the situation.
Indeed, the phase difference between the x- and y-field components of the
incoming field is pi-shifted, passing from pi/2 to –pi/2 (Figure 4.5c). Con-
sequently, the constructive and destructive interference are interchanged
leading to hotspot inversion. This way, external polarization control of the
hotspots can be realized directly using the near-field of the nanoantenna.
We experimentally demonstrate this switching effect by using different
y-oriented molecules as local nanoprobes (Figure 4.5f-i). All the measured
maps clearly show two hotspots, which switch with high contrast on chang-
ing the incoming polarization state. The two maps for each polarization
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Figure 4.5: Controlling the hotspot position. (a) Phase and (b) intensity distri-
bution of the y-field of the nanoantenna without the interference. The intensity
map shows the typical four-lobed pattern and lobes exhibit a phase difference
of pi relative to each other. (c) A schematic of a dipole nanoantenna and its
field lines in the xy-plane when excited by a circular polarized light propagat-
ing along the z-direction. Different colors for field components of the incident
light and nanoantenna are chosen for the sake of clarity. The FDTD simulated
y-field maps of the dipole nanoantenna for two different polarizations condi-
tions. (d) The nanoantenna is excited with left circular polarized light. The
mode pattern changes to a two-lobed pattern. The field intensity completely
vanishes at positions 2 and 4 due to the destructive interference. More impor-
tantly, the constructive interference enhances the field by a factor of 5 at the
hotspots, positions 1 and 3. (e) Right circular polarized light flips the hotspot
positions by 90◦. Dashed outline represents the nanoantenna. (f-i) Measured
maps for the two polarization states using y-oriented single molecules.
state emphasize the reproducibility of the images and match very well to the
calculated maps (Figure 4.5d,e). A small asymmetry in some maps, mainly
in Figure 4.5i can be attributed to the imperfectness in the orientation of
the molecule. Thus, the external control of the polarization state of the in-
coming wave allows the shaping of the near-field distribution of the dipole
nanoantenna.
According to Equation 4.2, depending of the incoming polarization state,
the local interference can differently modulate the total intensity pattern,
which is the superposition of the modified x-, y-field components together
with the z-field component. Simulations and experiments confirm this mod-
ification, revealing a small but notable effect (Figure 4.6). For experimental
demonstration, we use fluorescent nanobeads as probes, sensitive to all com-
ponents of the field (Section 3.2). Going from left to right circular polarized
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Figure 4.6: Interference effect on the total field. The calculated total field maps
of the nanoantenna for three different excitation polarizations states. (a) Left
circular, (b) Linearly, (c) Right circular polarized. The two hotspots are ro-
tated in the opposite direction in case of left and right circular polarization,
while the hotspots are on the horizontal line for the linear polarization, see
the dashed-dotted line. (d-f) The measured total field intensity maps show the
same effect as the calculations for the different polarization states. We use sin-
gle fluorescent nanobeads to measure the total field of the nanoantenna. We
measure the total rotation angle ∆β ≈ 40◦ between the two cases (d,f). (g-i)
DOLP maps, exhibiting emission polarization, confirm the main axis of the
nanoantenna along x in all the three cases.
excitation slightly rotates the hotspot axis clockwise and anticlockwise di-
rection, respectively (Figure 4.6d,f), while for the linearly polarized state,
the two hotspots lie on a horizontal line Figure 4.6e. The experimental re-
sults match very well with the calculated maps.
To check that this slight hotspot rotation is not an artifact due to the
wrong estimation of the nanoantenna orientation, we plot degree of lin-
ear polarization (DOLP) maps, which confirm the real physical orienta-
tion of the nanoantenna. The DOLP is an intensity (excitation) free pa-
rameter, which quantifies the polarization of the fluorescence emission (see
Equation 2.1). It measures the change in the emission polarization of the
nanobeads when coupling efficiently with the nanoantenna [64, 99]. The
green spots positions are thus free from any interference effect and reveal
the real orientation of the nanoantenna (Figure 4.6g-i). Thus, this confirms
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that the rotation in the hotspots axis is driven by the change in polarization
state of the excitation light and do not represent the real physical orien-
tation of the nanoantenna. Externally setting the polarization state of the
incoming field allows us to shape the near-field distribution and control
hotspot positions.
4.6 conclusion
In conclusion, we have studied in detail the important effect of interference
in the near-field of an optical nanoantenna. The vectorial near-field distribu-
tion and the nanostructured phase of the nanoantenna allow us to observe
this interference effect, which is the basis of several applications. We have
experimentally demonstrated the local interference effect on a resonant Al
dipole nanoantenna using single fluorescent molecules as local probes. We
studied the role of the excitation polarization on the local interference and
how it can modify the near-field distribution around the nanoantenna for a
circular polarization. A significant change in the measured field distribution
has been observed for different molecules. The in-plane nanoantenna field
components modified the most due to the in-plane incident polarization,
and the out-of-plane component remains largely unaffected. The 3D ori-
entation of single molecule probes manifested in the near-field maps have
been deduced taking using the numerical simulations. Exploiting the lo-
cal interference, we have demonstrated the polarization control of hotspots
at the nanoantenna. This polarization-controlled switching can be applied
to change the direction of light flow in all optical nanocircuitry and using
nanoantennas as a switch or splitter to control the optical near-field in an
integrated plasmonic circuits [103, 104].
5
O P T I C A L N A N O A N T E N N A S A S C AV I T I E S
Optical cavities enhances light-matter interactions between photon emitters
and optical fields, creating a wide variety of opportunities in sensing, quan-
tum information, and energy capture technologies [105–107]. To boost the
emitter-cavity interaction, i.e. the coupling strength g, ultrahigh quality cav-
ities have been concocted yielding photon trapping times of µs to ms [108].
Yet with such strong coupling comes poor photon output which prevents
the route to applications. To preserve high photon output and rapid re-
sponse it is advantageous to strive for highly localized electric fields in
lossy cavities. Plasmonic (optical) nanoantennas are ideal candidates com-
bining low quality factors with deeply localized mode volumes, while still
displaying large g, provided the emitter is positioned correctly within the
nanoscale mode volume. In this chapter, with nanometer resolution, we
map and optimize the coupling strength of an optical dipole nanoantenna
to a single molecule at various orientations, obtaining gmax= 206 GHz. This
provides ideal conditions for fast and pure non-classical photon emission,
enabling a pulsed single photon source with an emission rate exceeding
1 GHz. Optical nanoantennas thus present a unique opportunity in single
emitter cavity quantum electrodynamics (QED) to provide bright and ultra-
fast single photon sources at room-temperature for quantum technologies.
5.1 introduction
Photons play a key role as efficient information carriers in quantum tech-
nologies. Single photons can encode and broadcast quantum information
between distant computational nodes using several various degrees of free-
dom (polarization, wavelength, timing or path). Scalable quantum comput-
ing schemes require efficient coherent interaction between weak single pho-
ton fields and matter. To boost this interaction, optical cavities are normally
used to tailor the optical field at the emitter. Such cavity QED schemes can
achieve the desired coherent interactions, known as the strong coupling
regime, provided the cavities show high quality factors and small mode-
volumes (high photon density). Nevertheless, due to the large number of
loss channels, coherence is notoriously difficult to maintain and prevents
scalability to large quantum circuits at room temperature [109]. All-optical
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Figure 5.1: The optimal regime for strong coupling g and bright photon emis-
sion from the coupled emitter-cavity system. High quality factor Q (low losses
κdielectric) prevent strong photo-emission rate in dielectric-type cavities as
with increasing coupling strength, strong coupling is quickly reached despite
the diffraction limit preventing further decrease of mode volume. Plasmonic
nanocavities with low Q (high κmetal) and sub-diffraction limited mode vol-
umes, allow coupling to further increase while remaining below losses in the
bad-cavity regime, allowing large increases in the photon emission rate. As
coupling increases past the metal loss rate (κmetal), into strong coupling,
photon emission is inhibited by quenching to the metal surface, due to the
exceptionally small mode volumes (<50 nm3) required to overcome the low Q
factor of plasmonic nanocavities.
schemes based on linear-optical quantum computing [1] or probabilistic en-
tanglement [110, 111] are a promising alternative to remove most of the
burden of maintaining matter coherence, allowing easier scalability [112].
Such all-optical systems rely principally on single photon sources with ideal
characteristics: on-demand availability, frequency-bandwidth limited , emis-
sion into a defined spatio-temporal modes, and crucially high brightness
corresponding to large photon output rate [113]. Here we present such a
triggered, pure (must emit one and only one photon at a time [59, 114]),
and potential ultrafast single photon source at room-temperature based on
a single molecule emitter deterministically to a plasmonic nanocavity with
high antenna efficiency, at the optimal nano-position for enhanced photon
density.
Single photons are emitted upon transition from an excited state to the
ground state of a single quantum system, such as a quantum dot, molecule,
single atom or nitrogen vacancy (NVs) in diamond at a radiative rate Γ0.
Control of the emission is conventionally achieved by coupling the system
to an optical cavity with high quality factor Q, such that the cavity mode
emits at a rate κ = ωa/Q, where ωa is cavity’s resonance frequency. The
coupling strength g of the quantum system to the cavity mode reaches the
strong coupling limit when g  κ, Γ0, meaning that the excited state en-
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ergy oscillates many times between the photon emitter and cavity before
decaying [20, 115–117]. Striving for such strong interactions, Fabry-Perot,
whispering gallery and photonic crystal type cavities have been fabricated
with high Q factors (up to 109), and mode volumes from macroscopic to
wavelength dimensions [15, 108]. Yet the high Q implies long photon stor-
age time, resulting in a low emission rate κ, i.e. slow photon emission (Fig-
ure 5.1). The second main regime is the weak coupling regime, where de-
cay rates κ and Γ0 dominate over the coupling strength, i.e. g  κ, Γ0 [22,
118, 119]. In this regime, the energy transfer between the emitter and cavity
mode is irreversible lost to the environment before any coherent exchange
can take place.
For a fast single photon source, one should consider the emission rate
of the combined emitter-cavity system, which is approximately 4g2/κ at
resonance (see Appendix). This rate can be far superior to the free-space
radiative rate Γ0, leading to a large Purcell factor: Fp = 1+ 4g2/(κΓ0) (see
Equation A.5 in Appendix). The large Purcell factor Fp means that the pho-
ton is efficiently and rapidly emitted into the cavity mode. At the same time
though, the cavity should radiate efficiently with high κ. Hence, the criteria
for an efficient fast single photon source are: g2  (κΓ0) and Γ0  g  κ.
This is the intermediate coupling regime: the coupling is strong, yet in a
“bad-cavity” with κ > g [22, 120].
Plasmonic (optical) nanoantennas are exemplary cavities for coupling in
the “bad-cavity” regime [18, 21, 22]. The light in plasmonic nanoantennas
is coupled strongly to electron oscillations, leading to high radiative losses
and low Q factors, meaning high photon output. Furthermore, the emission
can be highly directed providing high nanoantenna gain and optimal usabil-
ity of emitted photons [31]. More importantly the cavity mode volume Vm,
is extremely sub-wavelength, orders of magnitude below (λ/n)3, providing
large spatial overlap of the quantum system with the cavity mode. Indeed
strong Purcell enhancements of 102− 103 have been shown using plasmonic
resonators [23, 57, 63]. Even recently, the strong coupling regime has been
reached with plasmonic nanocavity systems with Fp ∼ 106 at a 40 nm3 vol-
ume [20]. Unfortunately, at these minute volumes, ohmic losses take over
and direct quenching of the spontaneous emission means that the photon
output (radiated power P) is severely limited (Figure 5.1). Thus, beyond cre-
ating a lossy plasmonic nanocavity with a nanoscale local mode volume, the
main challenge is to situate a single photon emitter at the optimal position
for highest coupling strength g, while preserving the high photon emission
rate.
52 optical nanoantennas as cavities
APD1
APD2
stop
start
delay
TCSPC
50:50.beam.splitter
Resonant
nanoantenna
tip
�
.
Γtot 800
1
0
1000600400
Spectra
nm
m
ol
..e
m
iss
io
n.
(n
or
m
.).
na
no
an
t..
ex
t..
(n
or
m
.)
1
0
(a) (b)
Figure 5.2: Scheme to measure the cavity QED parameters of a molecule-
nanoantenna cavity system. (a) The interaction between the molecule dipole
(in blue) and nanoantenna is given by the coupling strength g. By scanning the
nanoantenna over the molecule, we measure the fluorescence intensity and life-
time map of the molecule at all nanoantenna positions. The lifetime map gives
us access to the total decay rate Γtot, needed to extract g. At the same time,
intensity correlation measurements using the Hanbury Brown-Twiss (HBT)
setup allows us to measure the statistics of the emitted photons from the sin-
gle molecule. The HBT setup includes a 50:50 beam splitter and two APDs,
which are placed at two outputs of the beam splitter. A photon detection in
APD1 starts the measurement and it stops with a photon detection in APD2.
Both the APDs are connected to the TCSPC, which measures a difference be-
tween photons arrival time in the two APDs. This generates a coincidence
histogram, where each count represents a coincidence i.e. a photon pair. A
physical delay line (a wire) is added to APD2 to sweep the negative times. (b)
The FDTD calculation of the extinction spectrum (red) of the resonant nanoan-
tenna, producing Q factor of ≈5. The emission spectrum of the molecule is
shown in blue, which perfectly overlaps with the maximum of the nanoan-
tenna resonance.
Here we present deterministic positioning, with few nm accuracy, of a
single molecule in the proximity of a plasmonic dipole nanoantenna, pro-
viding a nanoscale map of the coupling strength g, revealing strong Purcell
coupling and a maximal g value of 206 GHz, strongly dependent on the
nanoscale position and orientation of the molecule within the cavity mode.
Optimizing the coupling, we show the nanoantenna-controlled speeding up
of non-classical photon emission, enabling a bright and high-purity single
photon source with emission frequency exceeding 109 sec−1.
5.2 mapping of the coupling strength
Figure 5.2a shows a simplified schematic of the molecule-nanoantenna cav-
ity system, highlighting the measurement strategy to obtain cavity QED
parameters. An Al dipole nanoantenna is scanned over an excited single
fluorescent molecule with a step of 5 nm in the mode mapping scanning
configuration (Figure 2.7a). The nanoantenna has dimension length=175
nm, width=50 nm, height=50 nm and is resonant for the first-order mode
at around 680 nm, which is the maximum of the molecule’s emission wave-
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length. The molecule is excited by a pulsed laser (pulse width < 100 ps) at
633 nm with circular polarization. We simultaneously record the intensity
and lifetime maps of the molecule-nanoantenna coupled system. To con-
struct the lifetime map, the arrival time of each photon is recorded using
the TCSPC in T3 mode as described in Section 2.4. This way, we obtain the
excited state lifetime of the molecule at all the positions of the nanoantenna.
The lifetime map gives a direct access to the total rate Γtot at and the rate
Γ0 away from the nanoantenna.
Figure 5.3 shows the florescence intensity map and lifetime time measure-
ments of the molecule-nanoantenna cavity. The intensity map (Figure 5.3a)
exhibits the characteristic two-lobed pattern corresponding to the funda-
mental mode of the dipole nanoantenna. The spontaneous decay rate (1/life-
time) of the molecule at three different points of the intensity map is shown
in Figure 5.3b. Away from the nanoantenna (point 1), the uncoupled molecule
has a measured lifetime of τ0 = 4.79 ns (= Γ−10 ). A sharp decrease in the
lifetime is seen at the hotspots, points 1 and 2 in Figure 5.3a. The lifetime
decreases to τtot = 0.47 ns (= Γ−1tot) at point 2 and 0.76 ns at point 3. In our ex-
periments, we maintain a molecule-nanoantenna distance >5 nm to prevent
quenching and increase of the non-radiative rate (Γnrad0 ) [23, 63]. Thus, the
decrease in the lifetime is due to the increase in the radiative rate, confirm-
ing pure Purcell enhancement for our molecules with near unity quantum
yield and resulting in 10x enhancement in the spontaneous emission.
Figure 5.3c shows the mode profile of the intensity and lifetime maps
along the hotspots (see the dashed line in Figure 5.3a). The intensity en-
hancement (squares) and lifetime reduction (diamonds) show a mode width
of ≈40 nm, which corresponds to a lateral mode confinement of ≈ 10−3λ2f ,
where λf is the molecule’s emission wavelength. The average intensity en-
hancement is around 4 with 7-fold average reduction in the lifetime at the
nanoantenna. The small difference between the two quantities can be at-
tributed to the resonance of the nanoantenna, which is tuned for the emis-
sion wavelength. Moreover, the intensity pattern and its enhancement are
affected by the local interference as discussed in Chapter 4. The asymme-
try in the lifetime profile is mainly due to the orientation of the molecule
relative to the nanoantenna, since no interference occurs at the emission
wavelength.
At resonance, in this intermediate-coupling “bad-cavity” regime (Γ0 
g κ), the contribution of the nanoantenna to the total decay rate is Γant =
4g2/κ. The total emission rate of the molecule thus becomes Γtot = Γant +
Γrad0 + Γ
nrad
0 = Γant + Γ0. We measure the total decay rate (Γtot ∝ 1/τtot)
with and without the nanoantenna (Γ0) in a single scan for one and the same
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Figure 5.3: Intensity and lifetime measurements. (a) Intensity enhancement
map of single molecular fluorescence as a resonant dipole nanoantenna cavity
is scanned over the molecule, revealing the dipolar mode of the cavity. Dashed
black outline represents the shape and geometry of the nanoantenna, which
clearly shows the position of the hotspots at the nanoantenna. (b) Charac-
teristic fluorescence decay traces (recorded during lifetime imaging) showing
the molecule uncoupled (blue line) and coupled to the nanoantenna in the
hotspots (red and black lines). The circles are data points and the solid lines
are single exponential fits. Grey curve indicates the instrument response func-
tion (IRF) of the time-tagging detection system. (c) Line profiles along the
hotspots (dashed magenta line in (a)) in the intensity and the corresponding
lifetime maps show the reduction in the molecule’s lifetime (purple diamonds)
and the enhancement in fluorescence intensity (orange squares). The asymme-
try between enhancement and intensity profiles are evident since the intensity
is sensitive to the exact excitation conditions including near-field interference,
while the lifetime is only sensitive to emission of the molecule through the
enhanced local density of states. The solid lines are guide to the eye.
molecule and relate to the coupling strength g through (see Appendix for
the derivation) [115]:
Γtot
Γ0
=
4g2
κΓ0
+ 1. (5.1)
We have access to both the rates Γ0 and Γtot, see Figure 5.3. We extract
the cavity loss rate κ from the extinction spectrum of the nanoantenna (Fig-
ure 5.2b), giving κ = 8.8x1013 Hz for a nanoantenna Q factor of ≈5 at
the resonance wavelength λf = 680 nm. Thus, using Equation 5.1, we con-
struct the coupling strength g-map of the molecule-nanoantenna cavity with
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Figure 5.4: Coupling strength g-map for a single molecule in a resonant dipole
nanoantenna cavity. (a) 5 nm resolution coupling strength g-map between a
molecule-nanoantenna system (of Figure 5.3). The map shows g = 0 away
from the nanoantenna cavity, and it reaches a maximum value in the hotspots
of gmax = 206 GHz. The asymmetry in the g-map is a direct consequence of
the angle between the molecule’s dipole and nanoantenna field lines (b) Nor-
malized second-order intensity correlations g2(T), where T is the inter-photon
delay, showing antibunched photon character [g2(0) = 0.097 ± 0.001] of the sin-
gle molecule (point 1, blue curve). When coupled to the nanoantenna (point
2, red curve) the molecule continues to show single photon character [g2(0)
= 0.19 ± 0.01] but with a far reduced lifetime encoded in the sharper width
of the correlation peaks. (c) A zoom-in into the shaded area in the correlation
curve (b) shows at least 6x increase in photon separability between the two
consecutive pulses, increasing the purity of the single photons. A small peak
(≈10% of side peaks) appearing at zero delay for the coupled system is due
to multiple excitation and emission of the molecule within an excitation pulse
(see Section 5.4). For the antibunching measurement, we use 3.2 µW of laser
power and an integration time of 100 s for the molecule alone and 20 s with
the nanoantenna. The correlation curve is recorded with bin size of 64 ps and
binned further to 256 ps.
nanometer-precision. The measured g-map between the same molecule and
nanoantenna as in Figure 5.3 is shown in Figure 5.4a. The map shows value
g = 0, where the molecule is completely de-coupled from the cavity (point
1). The value of g begins to increase as the molecule enters the mode vol-
ume of the cavity and sharply increases at the positions of maximum field
density, i.e. at the hotspots. The coupling strength attains maximum value
of gmax = 206 GHz, where g Γ0 (point 2).
We note that we are optimally positioned in the bad-cavity regime with
high coupling strength g but with g < κ, allowing an efficient emission
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of photons from the nanocavity. Since g  Γ0 the statistics of the emitted
photons is modified. The second-order intensity correlation function G2(T)
quantifies the photon statistics, where T is delay between two consecutive
photons detected from the molecule. We use the previously described HBT
setup (Figure 5.2a) to record a coincidence histogram of the emitted pho-
tons, which is equivalent to G2(T) [121]. The normalized correlation func-
tion g2(T) of the molecule (alone) and molecule-nanoantenna is presented
in Figure 5.4b. At zero time delay, we obtain the coincidence rate well be-
low the classical limit g2(0) <0.5 (Figure 5.4b, blue curve 1), indicating an-
tibunching photon arrival, proving single molecule detection. Scanning the
same molecule into the hotspot of the nanoantenna (Figure 5.4a, point 2),
we see a dramatic sharpening of its g2(T) statistics as it couples to the
cavity, sharpest at the hotspot center (Figure 5.4b, red curve). The strong
antibunching behavior is maintained in this case as well with g2(0) well
below the classical limit.
This sharpening of g2(T) in the coupled case results from the 10-fold
increase in the spontaneous decay rate, which generates the pulses of half-
width <1 ns. This allows us to deduce that coupled single emitter-nano-
antennas can be used to create bright true single photon sources with an
emission rate> 1 GHz. Further details of the antibunching measurement
are highlighted in Figure 5.4c, which is a zoom-in of the shaded area of
Figure 5.4b. The nanoantenna induced squeezing of the pulses results in
at least 6x improvement in photon separability between two consecutive
pulses and therefore the system can deliver single photon per pulse with
high purity at a very high repetition rate. Here, we observe a marginal peak
at T = 0 i.e. g2(0) when the molecule is coupled to the nanoantenna. The
origin of this peak attributed to multiple excitation and emission of the
molecule within an excitation laser pulse due to the strong increase in its
spontaneous decay rate. This creates two successive photons separated by
the time less than the time resolution of the detection system, and therefore
registers as a coincidence at T = 0. A detailed analysis of the peak at g2(0)
will follow in Section 5.4.
5.2.1 Vectorial mapping of coupling strength
The coupling strength g = p.Es(r,ωf)/ h depends both on position (r) and
orientation of the emitter dipole moment (p) within the cavity mode EM
field Es(r,ωf) at the emission frequency ωf. This is evident in the asymme-
try in the coupling strength between the two hotspots, where at the right
spot in Figure 5.4a the molecule couples more effectively with the nanoan-
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tenna due to better overlap with the dipolar mode field lines. From this
we can accurately deduce the molecule’s slightly off-axis orientation not
possible based on solely the intensity map (Figure 5.3a), susceptible to ex-
citation interference effects (Chapter 4). By using single molecules of two
orthogonal dipole orientations with respect to the nanoantenna’s long axis,
we construct a vectorial picture of the coupling strength g (Figure 5.5). The
vectorial nature of the dipolar mode pattern is evident especially in the
case with the molecule perpendicular to the long axis and in the plane of
the nanoantenna. A four-lobed g-map pattern emerges in this case, similar
to the y-field intensity pattern of the resonant nanoantenna (Figure 3.3b,e).
The measured g-map in Figure 5.5b exhibits an asymmetric character due
to the precise molecular alignment. This is mirrored in the FDTD calcu-
lation of the g-map (Figure 5.5a), albeit showing the ideal case and thus
with perfect symmetry. The out-of-plane molecule (along the z-axis) shows
the more familiar dipolar two-hotspot pattern both for the measured and
calculated g-maps, see Figure 5.5b,d. In this case the coupling effect is strik-
ing, as without the nanoantenna the molecular emission is barely detectable
since circularly polarized light does not efficiently excite a molecule in this
orientation.
The coupling is stronger in the out-of-plane than the in-plane case due
to the precise nature of the cavity’s orientation-dependent density of states
[122]. The measured in-plane g-map has relatively higher coupling strength
than the calculated one (Figure 5.5a,b) due to its mixed orientation. The
estimated orientation of the molecule based on the intensity pattern (as dis-
cussed in Chapter 4) in Figure 5.5e indicates a small contribution from the
out-of-plane component, which results in the higher coupling value. The
measured out-of-plane g-map (Figure 5.5d) shows near-perfect symmetric
pattern as the molecule oriented mainly along the z-axis, see Figure 5.5f. In
this case, we use reference molecule rate 2x smaller than the perfect in-plane
case to take into account the effect of the molecule’s orientation on its spon-
taneous rate at the interface (glass-air) [123]. Based on our measurements
on different molecules, the near perfect in-plane molecule rate is 0.34 GHz,
therefore Γ0 = 0.5 ∗ 0.34 GHz is the rate of the out-of-plane molecule. The ef-
fect of the interface is taken into account for the FDTD calculations as well
to provide the correct values of the coupling. The vectorial g-maps allow
us to precisely optimize a single emitter’s placement and its orientation to
provide maximal radiative coupling to any given cavity.
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Figure 5.5: Vectorial mapping of the coupling strength. The coupling to the
nanoantenna crucially depends on position as well as orientations of single
molecules. FDTD calculation of g-maps with (a) the molecule’s dipole aligned
in the nanoantenna plane along the y-axis, perpendicular to the nanoantenna
long axis. This creates a characteristic four-lobed pattern. (b) An orthogonal
molecule with out-of-plane orientation (along the z-axis), showing the two-
lobed dipolar pattern. The out-of-plane case exhibits higher coupling strength
than in-plane case with a maximum strength goes up to 241 GHz. The cou-
pling strength is based on the lifetime map, which is calculated at a plane
15 nm below the nanoantenna. (c, d) Measured g-maps for the in-plane and
out-of-plane molecules, respectively. The g-value for the out-of-plane case is
set to black (away from the nanoantenna) due to insufficient photon counts.
(e, f) Orientations of the molecules (in blue) relative to the nanoantenna (solid
black outline) in (c, d) respectively. A slight tilt in the molecule dipole towards
(e) the z-axis is responsible for the asymmetric g-map pattern for the in-plane
case as it couples more efficiently to the nanoantenna field lines (red lines with
arrows) when it is on the right-hand side. The molecule is perfectly oriented
along (f) the z-axis and shows a symmetric dipolar pattern (d). For the calcula-
tions, we only show the g-maps for the area of interest, marked by the dashed
square (yellow).
Coupling strength vs Local density of states
The experimental determination of the coupling strength g involves both
the spontaneous emission rate of the molecule and dissipation rate of the
nanoantenna (see Equation 5.1). Since the nanoantenna loss rate κ is fixed
once it’s fabricated, change in the spontaneous rate determines the strength
of the coupling. From the classical point of view, a nanoantenna when tuned
to the emission frequency of an emitter can enhance the spontaneous emis-
sion rate, owing to modified local density of states (LDOS) around the
emitter [63, 67, 91, 124–127]. In other words, the nanoantenna creates ad-
ditional paths involving scattering from the surface which interferes with
the emitter’s field [128]. Quantum-mechanically all the different ways needs
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to be added in which spontaneous emission may take place. Using Fermi’s
Golden rule, the spontaneous emission rate Γ is defined as [115, 128]:
Γ =
2pi
 h2
|p.Es(ωf, r)|2D(ωf, r) ∼= g2(ωf, r)D(ωf, r) (5.2)
where D(ωf, r) is position dependent LDOS at the transition frequency ωf.
On contrary to the common belief that the spontaneous emission rate is
only depends on LDOS, the Γ is a function of both the coupling strength
g and LDOS D (Equation 5.2) [23, 63, 67]. The question still remains what
is the best physical description of the measurements based on modified
spontaneous emission rate of the molecule when coupled to the nanoan-
tenna. The LDOS provides the photonic states or number of probable ways
in which a transition can occur between the excited and ground states. On
the other hand, the coupling strength g is a physical quantity gives us the
direct information about how strongly or weakly the molecule is coupled
to the available LDOS. The LDOS mainly deals with the molecule alone
and the change in its surroundings, whereas with g we have the complete
information about the molecule-nanoantenna system. This knowledge of g
quantifies the energy transfer rate between the molecule and nanoantenna,
allowing us to compare different rates and predict how far is the system
from reaching strong coupling (g  κ, Γ0). In our case, the value of g is
more than two orders of magnitude less than κ, which implies that a fur-
ther reduction of at least four orders of magnitude in the mode volume is
needed to enter into the strong coupling regime.
5.3 single photons on demand
We have seen the position and orientation dependence of the coupling
strength g in for a molecule coupled to a nanoantenna. Here, we show
control of the single photon emission rate depending on the molecule’s
position at the nanoantenna. We use a different nanoantenna scanning tip
than used in the previous measurements. The intensity map of the coupled
system is shown in Figure 5.6a, showing the standard two-hotspot pattern.
The normalized intensity correlation curve at three different positions in
the intensity map: at the two hotspots (left and right) and away from the
nanoantenna (molecule alone) is shown in Figure 5.6b. A clear antibunch-
ing behavior is seen in all the three cases, proving the non-classical pho-
ton emission. The nanoantenna-induced increase in the spontaneous rate
results in the pulse width shortening at the left spot (red curve) in the corre-
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Figure 5.6: Nanoscale control of single photon rate. (a) Intensity map of a
molecule-nanoantenna system, showing the typical two hotspots pattern. (b)
The measured intensity correlation statistics using the HBT setup at the two
hotspots, left spot (red curve) and right spot (green). The molecule shows
strong antibunching behavior at the hotspots with increased spontaneous rate
compared to the molecule alone (away the nanoantenna) case (blue curve).
The decay rates at the three positions are ΓL (left spot), ΓR (right spot), and Γm
(molecule alone). The integration time used are 300 s for Lspot, 400 s for Rspot
and 700 s for the molecule alone. The correlation curves are recorded with bin
size of 16 ps and binned further to 256 ps.
lation measurement (Figure 5.6b). The photons decay with slower rate when
the molecule is positioned at the right hotspot, resulting in twice as broad
pulse width (green curve) as at the left spot. Away from the nanoantenna,
the molecule is completely uncoupled and emits single photons with a re-
duced rate (blue curve). By deterministically positioning of the molecule at
the nanoantenna, we can tune the single photon emission rate and thus cre-
ate on-demand single-photon source with a tunable rate. The orientation-
dependent coupling and nanopositioning of the molecule at the nanoan-
tenna allow us to control the single photon rates. Similar to the antibunch-
ing measurement in Figure 5.4b, we observe a small peak at the delay T = 0
for the measurement with the nanoantenna at the left hotspot. A full analy-
sis and discussion about the origin of this central peak is performed in the
following section (Section 5.4).
5.4 antibunching analysis of a molecule-nanoantenna sys-
tem
To investigate the origin of the central peak appearing at zero time delay in
the normalized coincidence histograms g2(T) (Figure 5.4b, Figure 5.6b), we
performed more experiments and theoretical simulations. The results are
divided in two categories, experimental and theoretical and are as discussed
below.
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experimental
We further analyze the antibunching measurement of the molecule-nano-
antenna system (Figure 5.4) in order to determine the origin of the central
peak i.e. peak at zero time delay (T = 0), which has an amplitude of 10-20
% with respect to the side peaks at other delays. Photoluminescence of the
metal (aluminum) nanoantenna can be one of the possible reasons as the
luminescence photons have extremely short lifetimes with sub-picosecond
time dynamics and do not show antibunching behavior, which seems to
be the characteristics of the central peak [129]. In order to verify this, we
performed antibunching measurement on a similar resonant nanoantenna
alone without any molecule using the same excitation wavelength and in-
put power (λ=633 nm at 3.2 µW) we used in Figure 5.4b. The recorded
coincidence histogram of the nanoantenna is shown in Figure 5.7b, and has
negligible coincidences even for higher integration time. This is in striking
contrast with the molecule-nanoantenna system (Figure 5.7a), where the
central peak has around 30 coincidences for 20 seconds integration time.
To obtain any substantial coincidences, we excite the nanoantenna with
100x more power (300 µW) at 532 nm. The comparison of the normalized
coincidence histogram at T = 0, i.e. g2(0) of the two systems is shown
in Figure 5.7c. The nanoantenna luminescence has a much narrower peak
width (limited by the instrument response function) than the molecule-
nanoantenna system. Moreover, the central peak of the system has the same
width as its peak at other delay time (e.g. at T = 25 ns in Figure 5.7c), which
shows the central peak exhibits molecular decay dynamics. Thus, we can
conclude that the small peak at g2(0) (Figure 5.7a) is not due the lumines-
cence of the nanoantenna and comes from the molecule itself when coupled
to the nanoantenna.
We performed the correlation measurements on 20 different molecules
when coupled to the resonant nanoantenna. We plot the measured g2(0)
as a function of the lifetime obtained from the correlation curves, see Fig-
ure 5.8. The values of g2(0) is obtained with respect to the mean of all the
side peaks. Similarly, the lifetime values are extracted by fitting the correla-
tion curves and taking the mean lifetime values of all the peaks excluding
the peak at zero. As seen in Figure 5.8, a sharp rise in g2(0) is accompanied
by a decrease in the mean lifetime. This behavior implies that the prob-
ability of detecting two photons simultaneously increases on coupling to
the nanoantenna. These two emitted photons are separated by a time less
than the resolution of our detection system (30-40 ps) and therefore the two
APDs register photons at the same time to give coincidences at time zero.
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Figure 5.7: Intensity correlation comparison of the nanoantenna luminescence
with the molecule-nanoantenna system. Coincidence histograms for (a) the
molecule-nanoantenna system shows ≈30 coincidence at zero delay for 20 sec-
onds integration time, however (b) the nanoantenna only has negligible co-
incidences for integration times of 20 and 120 seconds. Both the curves are
obtained for the same experimental conditions (λ = 633 nm at 3.2 µW), and
we use the same bin size of 256 ps. (c) Peak width comparison of g2(0) for ob-
tained luminescence at 100x more power at 532 nm with the g2(0) and g2(25) of
(a). It shows that the luminescence has a much narrower peak (magenta curve),
in contrast with the molecule-nanoantenna system (red or yellow curve), while
the small peak at zero delay (red curve) has the same decay dynamics as other
time delays (T = 25 ns, yellow curve).
Similar behavior has been observed with single quantum dots coupled to
a microcavitiy [130, 131] and metal nanoparticles [132], where the effect is
either attributed to radiative recombination of biexcitions, capturing of a
second electron-hole pair from the substrate, or multiple excitations of the
quantum dot within a single excitation pulse.
Since we are using single molecules in our experiments, the possibility
of biexcition recombination and other related mechanisms can be ruled out.
However, we cannot completely preclude the multiple excitation-emission
events within a pulse as we use a laser with the pulse width of few tens of
picoseconds. Furthermore, this process will give a central peak dynamics
similar to the molecule decay. The lifetime distribution of a molecule has a
high probability of photons arriving at very short times just after the exci-
tation within few ps (Figure 5.3b). This probability increases further upon
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Figure 5.8: Lifetime dependence of the central peak. The values of g2(0) in-
crease as the mean lifetime values of molecules decreases on coupling to the
nanoantenna.
coupling to the resonant nanoantenna, which enhances the excitation and
emission rate of the molecule manyfold. Thus, the probability of more than
one excitation and emission events per pulse goes up. Due to the finite time
resolution of the detection system the two photons produce a coincidence,
which can artificially add to the impurity of the single photons.
theoretical
To further investigate and quantify the re-pumping mechanism, we per-
formed numerical simulations to obtain the normalized second-order inten-
sity correlation function g2(T) as a function of delay T . The g2(T) is pro-
portional to probability density P(T), the probability of detecting a (stop)
photon at time t + T given that there was a (start) photon at time t. For
a cw (stationary) excitation, an analytical solution of P(T) can be obtained
directly from the rate equations, which gives the probability of finding the
molecule in the ground or excited state [121]. However, for a time depen-
dent pulse excitation, the probability of both the start and stop photons
becomes a function of time and no analytical solution can be obtained.
Therefore, the rate equations are numerically solved to first find the time
dependent probability of having a start photon. Then, by considering a spe-
cific start photon at time t, the delay dependent probability of finding the
next photons is calculated using the rate equations. In this case, the P(T)
is obtained by multiplying both the probabilities and integrating over all
the start photon possibilities. In the calculations, we use a time dependent
pulse excitation with a Gaussian temporal profile (FWHM = 40 ps) and rep-
etition rate of 40 MHz same as the experiment. All the other parameters
used in the simulations are similar to the ones used during the experiments
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Figure 5.9: Numerical simulation for second-order correlation function. (a)
Normalized correlation function for a Gaussian excitation pulse width of 40
ps, a peak excitation rate of 10 GHz and lifetime of 300 ps. The correlation
function shows a small peak at zero delay which is <10 % of the side peaks,
similar to the experiment. (b) The zoom of the central peak, showing a clear
antibunching behavior with g2(0) = 0 as we have enough time resolution (5
ps) in the calculation.
giving a peak excitation rate around 10 GHz, which includes the excitation
enhancement by the nanoantenna.
Figure Figure 5.9a shows g2(T) for a lifetime value of 300 ps (similar to the
values in the experiments). The plot shows a small peak at zero delay with
a magnitude of <10 % relative to the side peaks, similar to the measured
value of g2(0). However, a clear antibunching behavior i.e. g2(0) = 0 can be
seen when zooming in on the central peak (Figure 5.9b). The time resolution
of 5 ps allows us to just barely see the true antibunching behavior, which is
not possible to observe in the experiments due the limited time response of
the APDs and TCSPC. The symmetric rising of g2(T) close to the zero delay
is similar to the one observed in cw antibunching experiments, dependent
on the excitation and emission rate. Here, the excitation rate becomes very
high within the pulse and causes the fast rising whereas the falling edge is
governed by the emission rate.
We also study the dependence of g2(0) on other parameters such as life-
time, pulse width, and peak excitation rate. The results are shown in Fig-
ure 5.10. The lifetime values are varied between 100 and 700 ps while keep-
ing the pulse width of 40 ps and the peak excitation rate of 10 GHz (Fig-
ure 5.10a). A trend similar to the measured values (Figure 5.8) is observed
where a decrease in the lifetimes results in a sharp increase in g2(0) val-
ues (Figure 5.10a). Moreover, we see an increase in the g2(0) as the pulse
becomes broader with a fixed lifetime (Figure 5.10b). This trend directly
hints towards the possibility of multiple excitation-emission events within
the same pulse. To take into consideration any eventual uncertainty in our
estimation of the excitation rate, we vary the peak excitation rate from 2-20
GHz while keeping the pulse width of 40 ps and lifetime of 300 ps. As we
5.5 conclusion 65
(a) (b)
200 400 600 800
lifetimeo(ps)
0
Lifetimeodependence
0
g2(0)
0.04
0.08
0.12
0.16
0.2
20 40 60 80 100
pulseowidtho(ps)
0
Pulseowidthodependence
Excitationopowerodependence
0 124 16
peakoexc.orateo(GHz)
(c)
8 20
pulseowidtho=o40ops
peakoexc.orateo=o10oGHzo
lifetimeo=o300ops
pulseowidtho=o40ops
lifetimeo=o300ops
Figure 5.10: The dependence of g2(0) on (a) the emitter’s lifetime, (b) the
laser’s pulse width, and (c) the excitation power. A decrease in the lifetime
causes a sharp increase in the g2(0), as was observed experimentally. In-
creases in the pulse width also show an increase in g2(0), which is expected
as wider pulse widths increase the likelihood of multiple excitation-emission
events within the same pulse. Only a very small increase is observed in g2(0)
with 10x increase in the power. All the curves has the same y-axis (extreme
left).
see in Figure 5.10c, g2(0) increases very slowly with the peak excitation rate,
confirming our calculations. Based on the measurements and calculations of
the photon antibunching, the re-pumping mechanism seems to be the most
probable cause of the appearance of the central peak. It can be considered
as an artifact of the detection system, which does not inherently reduce the
purity of the single photon source.
5.5 conclusion
To summarize, we map the coupling strength g between a sub-wavelength
sized lossy nanocavity and single molecules of different orientations with
nanometer precision to characterize the full vectorial nature of the coupling
strength. The coupling strength maps reveal information not available in tra-
ditional intensity maps and precise details not available from calculations.
The measured QED parameters for our nanoantenna cavity are (2g, κ, Γ0) =
(4.1x1011, 880x1011, 2.1x108) Hz. We show that plasmonic nanoantenna cav-
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ities coupled to single photon emitters are optimal for use as super-bright
and pure single photon sources. We highlight the importance of precise
emitter positioning and orientation to maximize coupling to the nanocavity,
and thus photon emission rate, while remaining in the bad-cavity regime.
Such ultra-compact and directional single photon sources are compatible
with integrated photonic devices, thus providing new opportunities for all-
optical quantum computing.
C O N C L U S I O N A N D O U T L O O K
In all the experiments in this thesis, resonant dipole nanoantennas were
fabricated at the end of a fiber tip and brought in to the close vicinity of
molecules using a near-field microscope. This allowed us to form single
molecule-nanoantenna system with the full nanopositioning and orienta-
tion control.
Using this system, we have shown the full characterization of the vectorial
near-field of the nanoantenna by choosing specific molecule’s orientations.
Using these molecules, we were able to quantify the relative strength of
the different field components of the nanoantenna and their spatial struc-
ture at nanometer resolution. We showed that the nanoantenna has the
strongest enhancement for out-of-plane molecules while in-plane molecules
are weaker in strength. Using the dipole nanoantenna, we showed the emis-
sion control of the single molecule polarizations through degree of linear
polarization maps.
The correct knowledge of the vectorial near-field of a nanoantenna is es-
sential to fully understand important concepts such as the local interference
they, which can unveil interesting applications. We experimentally demon-
strated and explained for the first time this local interference effect. The
local interference allows external control over the near-field distribution of
the nanoantennas, and can be exploited to shape the nanoantenna field as
desired. We have shown an example where the position of the hotspots
can be moved at the nanoantenna by changing the polarization state of the
excitation field.
We have shown unprecedented nanoprecision control and understanding
of the interaction between plasmonic nanoantenna cavities and single pho-
ton emitters. We mapped the coupling strength g with nanometer precision,
and showed remarkable control over the coupling strength g as a function
of position of a single molecule within the nanoscale mode volume of a
nanoantenna. By mapping and optimizing the three-dimensional position
and orientation of a single molecule relative to the nanoantenna, we maxi-
mized this coupling strength (gmax = 206 GHz) to enhance the molecule’s
spontaneous emission rate, to create super-bright and pure single photon
sources with repetition rates> 1 GHz.
The work presented in this thesis has important implications in the field
of nanophotonics, where a lot of emphasis is on developing ultra-compact
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photonics devices. Plasmonic nanoantennas are certainly the ideal candi-
date for such devices due to their sub-wavelength size and ability to control
light at nanoscale. The full vectorial near-field characterization improves
our understanding of nanoantennas functionality, thus facilitate their use in
applications. The local interference gives us another exciting possibilities to
externally control the local field at the nanoantennas with applications such
as directional switching and selective excitation of single emitters.
The high losses (mainly radiative) of plasmonic nanoantennas have re-
stricted their use in cavity QED experiments, which rely on high Q fac-
tors cavities to attain large coupling strengths. However, in this thesis, we
showed that plasmonic nanocavities with deeply sub-wavelength mode vol-
umes, can create high coupling strengths, at strengths far higher than the
spontaneous emission rate of single molecules. A further reduction in the
mode volume, using different nanoantenna designs, can allows us to reach
even higher g values, which can lead eventually into the strong-coupling
regime. As we pointed out in this thesis, the optimal positioning of an emit-
ter into this mode volume is crucial to profit from this large g and necessary
to maintain high photon output. Entering into the strong coupling regime
with plasmonic resonators will produce the photon decay rate of tens of
femtoseconds, which could allow us to study interesting quantum processes
such as dephasing of single photon emitters at room-temperature.
A P P E N D I X
derivation of the coupling strength
Here we derive coupling strength g between an optical resonator such as
nanoantenna cavities and a single photon emitter such as single molecules.
We only show the equations relevant to extract g using the measured decay
rate of the molecule in both uncoupled and coupled cases. We follow the for-
malism from reference [115], a standard text-book in the field of quantum-
optics.
The coupling strength g quantifies the rate of energy transfer between an
emitter and a cavity. Under the dipole approximation, we can express the
coupling strength as a projection of the emitter’s dipole p over the local
electromagnetic (EM) field Es [16, 22]:
g(r,ωa) = −
p.Es(r,ωa)
 h
= −
|p.Ês|
 h
√
 hωa
20Vm(r)
, (A.1)
where ωa is the central frequency of the cavity, Vm is the cavity mode
volume, r is the position of the emitter, and Es is the sum of all the EM
modes available for the molecule to decay through. 0 and  h are the vacuum
permittivity and reduced Planck’s constant, respectively.
We want to compare g with other decay mechanisms of the system. The
two main additional decay mechanisms are: (1) Direct emission of the molecule
into free-space (Γ0) and (2) Irreversible damping of the cavity mode to the
environment (κ0), which is a consequence of the plasmon decay due to
both ohmic losses as well as radiation losses. Thus, the total decay rate of
an emitter coupled to the resonator (Γtot) has contribution from both Γ0 and
the nanoantenna (Γant) decay channels:
Γtot = Γ0 + Γant. (A.2)
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In the weak coupling regime (g  κ, Γ0), the contribution of the nanoan-
tenna cavity to the total decay rate can be expressed as [14, 115]:
Γant =
(
4g2
κ
)
1
1+ (2δ/κ)2
, (A.3)
where δ = ωa −ωf is the detuning between the resonance frequencies of
the nanoantenna and molecule (ωf). At resonance (δ = 0) Equation A.3
reduces to:
Γant =
4g2
κ
, (A.4)
representing the relation between the coupling strength g and decay rate of
the molecule through the nanoantenna mode. Using Equation A.2, we can
rearrange Equation A.3 as:
Γtot
Γ0
=
4g2
κΓ0
+ 1 = Fp. (A.5)
which is equivalent to Purcell factor (Fp). Thus, the coupling strength in
terms of the measured rates is given by:
g(r,ωa) =
√
(Γtot − Γ0)κ
4
. (A.6)
For the nanoantenna, we have estimated the quality factor Q of the reso-
nance, from which we can obtain the cavity losses κ using Q = ωa/κ . In
our experiments, we measure the excited state lifetime of single molecules
while scanning the nanoantenna over it. Having direct access to Γ0 (uncou-
pled part) and Γtot when coupled to the nanoantenna as a function of the
relative position r, for one and the same molecule, it is straightforward to
calculate the coupling strength g from Equation A.6.
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